Critical heat flux and associated phenomena in forced convective boiling in nuclear systems by Ahmad, Masroor & Ahmad, Masroor
  
CRITICAL HEAT FLUX AND ASSOCIATED PHENOMENA 
IN FORCED CONVECTIVE BOILING IN NUCLEAR 
SYSTEMS 
 
 
MASROOR AHMAD 
 
 
 
THESIS SUBMITTED FOR 
THE DEGREE OF DOCTOR OF PHILOSOPHY 
OF IMPERIAL COLLEGE LONDON 
AND FOR THE 
DIPLOMA OF MEMBERSHIP OF THE IMPERIAL COLLEGE 
 
 
 
MECHANICAL ENGINEERING DEPARTMENT 
IMPERIAL COLLEGE LONDON 
 
 
DECEMBER 2011  
2 
 
 
 
 
 
 
 
 
 
 
DEDICATED TO MY BELOVED PARENTS 
BROTHERS AND WIFE 
 
 
 
 
 
 
 
 
 
  
3 
ABSTRACT 
In evaporation of a liquid flowing in a tube or nuclear fuel element, there exists a 
transition (known as “dryout”, “burnout”, “boiling crisis” or “critical heat flux”, 
CHF) from a high heat transfer coefficient regime to one of greatly reduced heat 
transfer coefficient. The conditions leading to dryout or CHF and the behaviour of 
wall temperatures in the (“post dryout or post CHF”) region beyond it are of 
immense importance in nuclear reactor safety. In a nuclear reactor, the clad 
temperature excursion in the post-dryout region may be unacceptably high and the 
prediction of the location of dryout and the magnitude of the temperature excursion 
into the post-dryout region is of great importance. Moreover, the dryout transition 
and its effects are important not only in nuclear plant but also in many other types of 
heat transfer equipment.  
The main focus of work described in this thesis was the improvement and validation 
of phenomenological models for the prediction of CHF and of heat transfer beyond 
CHF (“post CHF” or “post dryout” heat transfer). The main focus has been on the 
process of annular film dryout. In phenomenological modelling of this process the 
dryout location prediction is sensitive to the boundary value of entrained fraction at 
churn annular transition, especially at high flow rates. The model was extended to 
churn flow so that integration of entrainment, deposition and evaporation processes 
could be started from onset of churn flow. A new correlation for the prediction of 
entrainment rate in churn flow was presented. The application of the new 
methodology to experimental data leads to improved predictions of CHF. Another 
long-standing problem, i.e. effect of heat flux on droplet entrainment, is addressed 
by analysing the contradictory results of previous experiments by using the annular 
film dryout model. The capability of phenomenological models to cover the whole 
range of CHF scenarios, i.e. from subcooled or very low quality to very high quality 
CHF, was demonstrated by using a possible transition criterion from bubble 
crowding model (an improved version of the Weisman Pie model) to annular film 
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dryout model. These improved phenomenological models captured trends of CHF 
data very well (including the Look Up Table data of Groeneveld et al. 2007) and 
produced improved results over a wide range of system parameters such as 
pressure, mass flux and critical quality. The implementation of the 
phenomenological models was pursued by modifying and developing an Imperial 
College computer code GRAMP. In addition to its application in modelling CHF, the 
GRAMP code was extended to the post dryout region and predictions for this region 
compared to a range of data and the results were found to be satisfactory.    
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CHAPTER 1                                                                
INTRODUCTION 
1.1 Scope of the Project 
This thesis describes work on the critical heat flux (CHF) or dryout phenomenon 
which occurs in heated channels in which a fluid is being evaporated. In systems in 
which the wall heat flux is controlled, CHF is characterised by an inordinate rise in 
surface temperature following a small increase in heat flux. This phenomenon may 
be regarded as a natural limit to the normal operation of such systems, though it is 
important to understand the (“post-dryout”) region beyond CHF and this topic is also 
addressed in this thesis.  It is self-evident that CHF is important in nuclear power 
production and, indeed, studies of CHF have formed a dominant part of studies of 
the thermal hydraulics of nuclear systems. The work described here has been carried 
out in a nuclear power context, though the focus has been on CHF and post-dryout 
heat transfer in round tubes, these being regarded as being representative of nuclear 
fuel channels. 
Nuclear power and systems producing it have two dimensions. One, the rosy one, is 
the availability of a tremendous amount of thermal energy by controlling the chain 
reaction and the other, more worrying, is how to take all of this thermal  energy out 
of reactor vessel safely; this heat removal and utilisation problem is the focus of 
nuclear thermal hydraulics. The majority of the world’s nuclear reactors are cooled by 
the flow of light water through the vertical channels of the reactor core. In essence, 
the cooling process should be efficient enough to avoid any fuel damage by keeping 
the fuel temperature within safe limits. The heat transfer coefficient is the ratio of the 
heat flux to the difference between the fuel surface and bulk cooling fluid 
temperature. Thus, it is important to be able to predict the heat transfer coefficient 
which is a complex function of flow conditions, channel geometry, surface 
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conditions and coolant properties, not only in normal operation but also during 
abnormal or accidental scenarios. Phase change (evaporation or boiling) is an 
important dimension in determining the heat transfer behaviour in water cooled 
reactors. In Boiling Water Reactors (BWR’s), bulk boiling occurs in the reactor core, 
the steam generated being separated and fed directly to turbine generators for power 
generation. In Pressurised Water Reactors (PWR’s), the liquid coolant (water) is 
generally at a bulk temperature lower that the boiling point (saturation temperature) 
and no bulk boiling occurs; however,  local or subcooled boiling may occur at the fuel 
element surface. These boiling processes add extra complexity since vapour 
generation alters the flow pattern and heat transfer rate. 
Boiling heat transfer is an excellent mechanism of heat removal but there is a 
maximum heat flux above which the heat transfer coefficient decreases drastically 
causing the fuel temperature to rise sharply which may lead to fuel damage. As 
defined above, this limiting phenomenon is called critical heat flux (CHF) or dryout. 
Other names given to the transition are burnout, boiling crisis and boiling transition.    
The significance of CHF ranges from “normal operation”, where boiling processes 
contribute to imposing limits on powers and power densities, to various aspects of 
postulated accidents, involving the drying-out of heated surfaces. Due to its 
complexity and importance, CHF phenomena have been the subject of active 
experimental and theoretical research for more than half century; nevertheless, it is 
fair to say that there are still many questions needed to be answered (Groeneveld 
2011). CHF phenomena can be classified into further categories depending on the 
flow conditions; for instance, one can distinguish between CHF caused by crowding 
of bubbles (arising from nucleate boiling) at the wall and restricting liquid access to 
the surface and CHF resulting from the drying out of the liquid film in annular flow. 
The first type of CHF is often referred to as departure from nucleate boiling (DNB) and 
the second as dryout. 
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The main focus of this thesis is the improvement and validation of 
phenomenological models for the prediction of CHF and of heat transfer beyond 
CHF (“post CHF” or “post dryout” heat transfer). In the CHF studies, the first aim 
has been to improve the phenomenological models by giving attention to three areas 
of concern, namely:   
 The effect of initial entrained fraction at the onset of annular flow on 
prediction of CHF or dryout 
 The effect of heat flux on droplet entrainment  
 The transition between the bubble crowding models and the film dryout 
models as the quality (vapour mass flow fraction) increases. 
The next aim was to apply the (improved) phenomenological models to a wide 
range of data including: 
 Data for uniformly heated tubes produced in an international collaborative 
effort and published in the form of Look-Up Tables.  
 Data for non-uniformly heated tubes, including data where part of the tube 
length was unheated (the “cold patch” experiments). 
The implementation of the phenomenological models was pursued by modifying 
and developing an Imperial College computer code GRAMP. In addition to its 
application in modelling CHF, the GRAMP code was extended to the post-dryout 
region and predictions for this region compared to a range of data.    
In what follows in this chapter, Section 1.2, 1.3 and 1.4 deal with the  basics of two 
phase flow, flow regimes and boiling respectively. This is followed (Section 1.5) by a 
detailed description and literature review of CHF. Post-dryout heat transfer is 
discussed in Section 1.6 and the GRAMP code is introduced in Section 1.7. 
27 
1.2 Two Phase Flow  
Two phase flow is the simultaneous flow of two phases (gas, liquid or solid) in direct 
contact with each other in channels such as tubes, rectangular channels etc. In 
general, two phase flow can exist in four different forms: gas-liquid, gas-solid, 
liquid-solid and liquid-liquid. In this thesis the focus is on gas-liquid flows and more 
specifically on evaporating single-component vapour-liquid flows. 
Two phase flows occur widely in nature and in industrial equipment. In the 
chemical and power generation industries, two phase flow is relevant in most of the 
research problems. In the early 1960’s, developments in the nuclear power industry 
renewed the interest of scientists and engineers in the subject. Despite more than half 
century of research and development in the area, there are still significant challenges 
in modelling two phase flow, even in simple geometries. Researchers and designers 
have used empirical correlations and phenomenological models to predict key 
parameters like pressure drop, heat transfer coefficient etc. Empirical correlations are 
mainly based on experimental data covering relevant parameters but their 
prediction capability is uncertain, particularly when extended to regions out of the 
original experimental database. On the other hand, phenomenological models, 
attempt to incorporate physical descriptions of observed flow behaviour, and they 
are likely to be more successful when extrapolated beyond the data base against 
which they have been validated. Phenomenological models still rely, to greater or 
lesser extent, on empirical constitutive relations and these models are usually flow 
pattern or flow regime specific. Thus, models for two phase flow are strongly 
dependent upon identifying the prevailing flow regime and on understanding the 
transition between various regimes; the question of flow regimes is addressed in the 
following section.   
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1.3 Two Phase Flow Regimes 
Though the identification of flow regimes is somewhat subjective, commonly 
defined flow regimes for gas-liquid vertical flow (the focus of the work presented in 
this thesis) are shown in Figure 1-1. The regions of occurrence of the respective 
regimes depend on flow rate, quality (fraction of the mass flow rate which is 
gaseous), pressure and channel geometry.   
 
 
Figure 1-1: Typical configuration of (a) bubbly flow, (b) dispersed bubbly (i.e. fine 
bubbles dispersed in continuous liquid phase), (c) slug or plug flow, (d) churn flow, 
(e) annular flow, (f) mist flow (Adopted from MIT Open Coursework). 
A qualitative description of these flow regimes given by Collier and Thome (1994) is 
as follows: 
(a & b). Bubbly flow: the gas or vapour phase is dispersed as bubbles in a 
continuous liquid phase.  
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(c). Slug or Plug flow: This regime is characterised by the existence of bullet shaped 
(Taylor) bubbles, approximately the size of channel, separated from wall by a falling 
film of liquid. These bubbles are separated from each other by slugs of liquid, which 
may or may not contain entrained smaller bubbles. 
(d). Churn flow: It can be described as a chaotic gas or vapour flow through liquid 
phase which mainly present as oscillatory liquid film along the wall. The liquid 
consists of a thick wall-film with oscillatory waves and falling film between these 
waves, whereas the net transport of liquid is upward. 
(e). Annular flow: It is undoubtedly the most dominant flow regime since it prevails 
from qualities of a few percent to values up to unity. The liquid film flows along the 
wall, whereas the bulk of the channel cross section is occupied by continuous gas 
flow.  The liquid film interface is covered by ripples (small wavelength, small 
amplitude waves) and disturbance waves (longer wavelength, larger amplitude 
waves). Disturbance waves usually have higher velocity than the average film 
velocity and also have height many times greater than average thickness of film. 
Disturbance waves are the main source of droplet entrainment, a process by which 
small liquid droplets, under the sheer force of gas phase, are formed from the tips of 
disturbance waves and entrained into the gas flow. These entrained liquid droplets 
eventually re-deposit on the liquid film, a phenomena called deposition. Annular flow 
can also be further classified by a sub-regime wispy-annular flow, defined by Hewitt 
and Hall-Taylor (1970), which occurs at very high flow rates. The flow behaviour is 
rather similar to classical annular flow but the concentration of droplets is such that 
they coalesce and form larger structures, called wisps, which may have different 
deposition characteristics. 
(f) Mist flow: Here, the liquid phase is totally entrained as droplets in the gas phase. 
Mist flow does not occur in adiabatic systems (where there is a minimum flow rate 
in the liquid film below which droplet entrainment does not occur). However, mist 
flow can occur in heated channels when the liquid film has been dried out. 
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The above mentioned flow regimes can be represented in a two dimensional chart 
called a flow regime map. Such maps contain transition boundaries between different 
flow regimes in two dimensional coordinates.  These coordinates are often gas and 
liquid superficial velocities (mean velocity of each phase if flowing alone in the 
pipe). Due to importance of predicting two phase flow regimes, there have been 
many attempts for producing reliable generalised flow regime maps. An example of 
such a flow regime map for vertical flow is that of Hewitt and Roberts (1969), as 
shown in Figure 1-2; here, the flows are identified in terms of the superficial 
momentum fluxes of the respective phases. The map shown in Figure 1-2 is purely 
empirical in nature and was based on observations of low pressure air water and 
high pressure steam water flows in vertical tubes with internal diameters ranging 
from 10 to 30 mm. Amongst other acknowledged flow regime maps are those of 
Taitel et al. (1980), Mishima and Ishii (1984) and McQuillan and Whalley (1985). 
 
Figure 1-2: Generalised flow regime map for vertical flow (Hewitt and Roberts, 
1969). 
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1.4 Boiling 
The process of evaporation of a liquid to produce a vapour is called boiling. Studies 
of boiling have addressed two main types of system, namely pool boiling in which 
boiling occurs from a surface immersed in a static liquid and forced convective or flow 
boiling where the evaporation takes place in a heated channel through which the 
fluid is flowing. A boiling flow, composed of a mixture of liquid and vapour, is a 
type of two phase flow. The work described in this thesis was focussed on CHF and 
post CHF (dryout) conditions in flow boiling.   
1.4.1 Pool boiling 
Pool boiling is boiling on a heating surface submerged in a pool of initially quiescent 
liquid. A typical relationship between heat flux (   ) and the difference between wall 
temperature (     ) and saturation temperature (    ) (i.e. the wall superheat) is 
shown in Figure 1-3. In region O-A the wall superheat is not sufficient to initiate 
bubble nucleation and the heat transfer takes place via natural convection. The 
appearance of first bubble at point A requires significant finite superheat and is 
called point of onset of nucleate boiling. In range A-B, the liquid near wall is 
superheated and evaporates forming bubbles at distinct nucleation sites typically 
scratches or tiny pits on the surface. The heat is transferred via latent heat of the 
phase change and also bubbles increase convective heat transfer by agitating the 
liquid near the wall. This boiling mechanism is called nucleate boiling and is 
characterized by a very high heat transfer rate for a very small change in 
temperature (Tong and Tang 1997).  
At a critical (high) value of the heat flux (point C), there are so many bubbles 
crowding near the wall that they can merge and form a continuous stable vapour 
film. Thus, there is a sudden transition from nucleate boiling to film boiling. This 
sudden transition is called Departure from Nucleate Boiling (DNB), or Critical Heat 
Flux (CHF), or burnout, or boiling crisis, and is associated with a drastic reduction of 
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the heat transfer coefficient because vapour is a poor conductor of heat. 
Consequently, the wall temperature increases abruptly and dramatically (to typically 
>1000°C), which may result in physical destruction of the heater. From point C and 
beyond, the film boiling region is entered; in this region, heat transfer from the wall 
occurs mostly by convection within the vapour film and radiation across the vapour 
film. 
 
Figure 1-3: Qualitative boiling curve for water at atmospheric pressure on a flat plate 
(Adopted from MIT Open Coursework) 
1.4.2 Flow boiling 
Flow boiling is boiling in a flow stream of fluid where the heating surface is 
normally the channel wall confining the flow. The formation of a two phase mixture 
by vapour generation in a boiling flow presents a special case of two phase flow. The 
presence of the heat flux may alter the various flow regimes which would have 
existed at same local flow conditions in a long unheated channel. These changes are 
mainly attributed to departures from thermodynamic equilibrium (presence of radial 
temperature profiles) and departures from hydrodynamic equilibrium (differences 
in phase distribution in the heated case compared to the equilibrium case occurring 
in a long heated tube). Figure 1-4 shows the various flow and heat transfer regions in 
a vertical tube heated uniformly over its entire length and fed with subcooled liquid. 
In region A, the average liquid temperature is below the saturation temperature and 
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wall temperature is below the nucleation point; here, the flow is a single phase liquid 
and the heat transfer is single phase convective heat transfer. As wall temperature 
increases, bubbles start to originate at wall even though the bulk fluid is below its 
saturation temperature (i.e. “subcooled”). Bubbly flow may exist in this region, 
though bubbles detaching from the wall in this region may condense in the bulk 
fluid. The heat transfer regime in this region (B) is called subcooled nucleate boiling. As 
the liquid mixed mean temperature reaches the saturation temperature, the 
thermodynamic quality 1   reaches zero, the heat transfer mode changes from 
subcooled to saturated nucleate boiling (transition from region B to C). With the 
production of more and more bubbles along the heated length (or as quality 
increases), bubbles start to coalesce to form slug flow which in turn gives way to 
churn flow and then annular flow further along the tube. As the quality increases, 
the heat transfer from the wall directly to the interface in annular flow may become 
efficient enough to lead to a reduction of wall temperature to a value less than that 
required to sustain nucleate boiling at the wall. Thus, nucleate boiling is suppressed in 
the remaining part of the annular flow region. In annular flow, increasing vapour 
velocity causes entrainment of liquid as droplets. As quality increases the droplet 
entrainment along with evaporation (and being only partly offset by re-deposition of 
droplets onto the film) leads to the depletion of the liquid film, which at a critical 
                                                 
1 Here, “quality” (x) is defined as the fraction of the mass flow which is in the form of 
vapour. It is important to distinguish between actual quality and thermodynamic quality. 
Thermodynamic quality is calculated on the basis of the mean bulk fluid enthalpy assuming 
equilibrium between the phases.  Saturated liquid has a thermodynamic quality of zero and 
saturated vapour has a thermodynamic quality of unity.  On this definition, subcooled 
liquid has a negative thermodynamic quality. However, the vapour phase content may be 
significant at thermodynamic qualities less than zero due to the presence of sub-cooled 
boiling. Similarly, the liquid phase content may be significant at thermodynamic qualities 
greater than unity due to the coexistence of drops and superheated vapour.  
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quality completely dries out. This transition is known as ‘dryout’ and, where the 
surface heat flux is controlled (as in electrical heating), this is accompanied by a 
sudden increase in the wall temperature of the channel. From this point onward 
droplets continue to exist in a continuous vapour phase (mist or drop flow) until 
only single phase vapour is present.  This region is also referred as the post-dryout or 
liquid deficient region. The condition of ‘dryout’ puts an effective limit on the amount 
of evaporation that could be allowed in a tube or any other geometry (Collier and 
Thome, 1994). This is why dryout is extremely important in the design of nuclear 
reactors, evaporators, steam boilers and other units that are cooled by boiling fluids 
in forced convection. The occurrence of dryout and the subsequent post dryout 
region were the main topics of the work described in this thesis and these topics will 
be discussed in detail in the following sections. 
 
Figure 1-4: Regions of heat transfer in convective boiling (Collier and Thome 1994) 
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1.5 Critical Heat Flux 
1.5.1 Phenomena, physics and terminology 
At low to medium heat fluxes, boiling heat transfer is an efficient means of 
transferring heat from a surface to a fluid flowing over it. The fluid can either be a 
sub-cooled liquid (in which case the boiling process is referred to as sub-cooled 
boiling) or a vapour-liquid mixture. However, under certain conditions, a transition 
can occur which leads to a less favourable heat transfer situation. This transition can 
be defined as follows 
 For a heat flux controlled surface (e.g. one with electrical heating or nuclear 
heating), the transition corresponds to an inordinate increase in surface 
temperature following a small increase in surface heat flux, or a small 
decrease in fluid flow rate or a small increase in the fluid temperature 
entering the system. 
 For a surface temperature controlled surface (e.g. one heated by condensing 
steam), the transition corresponds to an inordinate decrease in the surface 
heat flux following a small increase in surface temperature. 
In what follows, the main focus will be the first type of manifestation of the 
transition.   Many names have been given to this transition and this has caused 
considerable confusion. Perhaps the most correct names are boiling transition or 
boiling crisis but these have not been widely adopted. All of the other names 
(departure from nucleate boiling (DNB), burnout, dryout, critical heat flux (CHF)) contain 
an implicit assumption of the mechanism of the transition and/or of its 
consequences. However, in what follows, the term CHF will be used to describe the 
transition. This nomenclature is now widely adopted but it should not be taken to 
imply that the transition is governed specifically by heat flux. 
CHF is of profound importance in water reactor design and analysis. Its significance 
spans from “normal operation”, where boiling processes contribute to imposing 
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limits on power and power density, to various aspects of postulated accidents, 
involving the drying-out and subsequent re-wetting of hot surfaces. The importance 
of the CHF phenomenon is reflected in the large literature on the subject. Extensive 
earlier reviews are given by Hewitt (1982), Tong and Tang (1997) and Hewitt (1998).  
1.5.2 Regions of operation of CHF mechanisms 
As a precursor to a phenomenological analysis, it is important to know under what 
different kind of flow conditions CHF could occur. Semeria and Hewitt (1972) 
qualitatively indicated the regions of operation of CHF as shown in Figure 1-5, taken 
from Hetsroni (1982). 
 
Figure 1-5: Regions of operation of CHF mechanisms (Semeria and Hewitt 1972). 
More recently, Le Corre et al. (2010) presented a description of the regions of 
applicability of the various CHF mechanisms in sub-cooled boiling. She 
distinguishes three types of CHF as follows: 
Type 1: Bubbly flow. At high mass flux and subcooling, isolated bubbles may slide 
and detach but not coalesce. Wall-rooted bubbles are observed to coalesce with 
neighbouring bubbles. At CHF, a reduced boiling activity is seen.  
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Type 2: Vapour clots. This type of behaviour is usually observed under moderate 
subcooling. Bubbles detach from nucleation sites but remain within the bubbly layer, 
coalescing to form periodic vapour clots.  
Type 3: Slug flow. Here, vapour slugs are observed with a thin film along the wall. 
Fluctuating wall temperatures can be measured with high temperatures 
corresponding to the vapour slugs.    
In general, CHF corresponds to the local wall overheating, the prevention of 
rewetting and the subsequent spreading of the dry spot. In Type 1 CHF, the dry spot 
is controlled by the wall nucleation cycle whereas in Type 2 and Type 3 CHF, the 
time of the dry spot formation is controlled by the passage of vapour clots and 
vapour slugs.  Le Corre et al plotted the location of the three types of CHF in terms 
of quality and Weber number, defined as          . The resultant plot is shown 
in Figure 1-6. 
 
Figure 1-6: Sub-cooled boiling CHF Flow Regime Map, from Le Corre et al. (2010).  
1.5.3  “Critical heat flux” mechanisms: Sub-cooled and low quality 
In a regime commonly termed ‘bubbly flow’, during ‘normal’ nucleate boiling small 
vapour bubbles are formed at nucleation sites, and (assuming conditions permit) 
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grow, and then lift off or are swept off into the flow. This is a very effective means of 
heat transfer, and wall temperatures very little above fluid temperatures are 
sufficient to remove large heat fluxes. As the heat flux through the surface is 
increased, the rate of formation of these bubbles, and their areal density, increases. 
At some critical heat flux the high bubble density, and / or the inability of the fluid to 
re-wet the wall following their departure, results in the wall being blanketed with 
vapour. Heat transfer through this vapour layer is very poor, and with the 
postulated fixed heat flux, the surface temperature must rise greatly. A common 
(and appropriate) term for this phenomenon is ‘Departure from Nucleate Boiling’, 
DNB. The heat flux at with it occurs is a function of the flow conditions generally, 
but the main dependencies are on 
 -the local degree of sub cooling of the bulk fluid 
 -the local turbulence intensity / Reynolds number. 
1.5.4 “Critical heat flux” mechanisms: High quality film dryout 
The other main physical circumstances under which a dramatic transition in surface 
heat transfer occurs is in the final drying out of the liquid film; the interface between 
regions F and G of Figure 1-4, and the end of ‘annular flow’. Prior to this point the 
liquid film has been subject to a loss of liquid both from entrainment of droplets 
from its surface, and by evaporation. It was also in receipt of liquid, by the 
deposition of droplets entrained in the vapour flow in the core. The balance of these 
effects is that the film thickness and mass flow rate reduce with distance up the 
channel, up to the point where they both become zero, and film dryout occurs. 
1.5.5 CHF data and associated mechanisms 
The tabulation and correlation of CHF data is discussed in detail below. However, it 
is useful to use one such data tabulation (Groeneveld et al. 2007) to illustrate the 
effects of system parameters on CHF. In these tables, it is assumed that (for a given 
pressure) there is a relationship between CHF, quality and mass flux and Figures 1-7 
to 1-9  show these relationships for pressures of 210, 140 and 70 bar respectively.  
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In the region of high mass flux and low quality, CHF is initiated by the formation of 
vapour films (for instance by bubble crowding). A striking feature of this region is 
the strong dependence on pressure, with the CHF at 210bar being only about 1/5 of 
that at 70bar.  This is in part of course a consequence of the great reduction of latent 
heat of vaporisation with increasing pressure (a factor of around 3.5 between 70bar 
and 210 bar).  
At high quality CHF values are orders of magnitude lower, and generally are 
associated with the final drying out of a film of liquid flowing over the heated 
surface.  
This clean separation into two regimes is in practice rather more nuanced, and the 
actual behaviour depends of course on factors such as heat flux and flow rate. For 
example, at high enough heat fluxes, the rate of formation of bubbles at the wall may 
be high enough even in annular flow to promote a bubble crowing (DNB) type of 
CHF event. Such an event might be associated with a local high heat flux zone (“hot 
spot”).   
The main problem with the use of tabular data in preparing representations such as 
Figures 1-7 to Figure 1-9 is that the data are obtained using information for uniformly 
heated channels and the apparent relation between CHF and quality is specific only 
to the uniform heating case. Nevertheless, there are a few general observations 
which can be made:- 
As defined here, CHF of the ‘low quality’ kind will not necessarily occur at all 
during the change of the fluid from all liquid to all vapour. 
Conversely (as long as conditions are such that film flow occurs at all) CHF will 
necessarily occur, as eventually the film will dry out. This could well be after a long 
length, if the applied heat flux is low, and be associated with a modest temperature 
rise in the tube wall. 
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Figure 1-7: 210 bar: Critical heat flux, CHF, (kW m-2) dependence on mass flux (G, kg 
m-2 s-1) and quality. 
 
Figure 1-8: 140 bar: Critical heat flux, (CHF, kW m-2) dependence on mass flux (G, kg 
m-2 s-1) and quality. 
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Figure 1-9: 70 bar: Critical heat flux, (CHF, kW m-2) dependence on mass flux (G, kg 
m-2 s-1) and quality. 
1.5.6 Parametric effects 
It is informative to consider the effect of system parameters on the occurrence of the 
Critical Heat Flux (CHF) phenomenon. It is convenient in this context to consider the 
occurrence of CHF in a vertical uniformly heated round tube. Such an analysis of the 
effects of system parameters for the case of water is given by Hewitt (1982) who 
calculated the CHF (     
  )and the corresponding power input (     ) for a range of 
tube diameter (d) , mass flux (G) , tube length (L), pressure (p)  and inlet subcooling 
(     ).       is related to the difference between the saturation temperature        
temperature and the inlet temperature     as follows:  
         (        )           
where     is the liquid specific heat capacity. Hewitt used the Bowring (1972) 
correlation to interpolate the experimental data and the results for the parametric 
effects are shown the figures below. 
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Figure 1-10 shows the relationship between critical (or, in the terminology used, 
“burnout”) heat flux      
   and       for two different tube lengths and for a range of 
mass fluxes. The data shown were calculated for a pressure of 6 MPa. 
As will be seen, the critical heat flux increases linearly with inlet subcooling for a 
given tube diameter, tube length, mass flux and pressure. This is a direct and 
obvious consequence of the correlation used which is in the form of a linear 
relationship between CHF and local quality, which for a given tube length and heat 
flux decreases linearly with inlet subcooling. 
 
Figure 1-10: Effect of inlet subcooling on critical (“burnout”) heat flux for a tube of 
diameter 0.01m and a pressure of 6MPa (Hewitt 1982). 
Figure 1-11 shows the variation of critical heat flux      
   and critical power       with 
tube length for fixed mass flux, tube diameter and inlet subcooling. As will be seen, 
the critical heat flux decreases with tube length, but less rapidly at long tube lengths. 
The critical power increases with tube length but less rapidly at long tube lengths. 
The effect of pressure is illustrated in Figure 1-12. For given tube diameter, tube 
length and inlet subcooling, the critical heat flux first increases with pressure and 
then decreases. Though not shown in Figure 1-12,      
   reaches a value near zero at 
the critical pressure (2.21 MPa).  
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Figure 1-11: Effect of tube length on critical (“burnout”) heat flux and critical 
(“burnout”) power (     )  for a tube of diameter 0.01m, a mass flux of 3000 kg m-2 
sec-1,  a pressure of 6MPa and with zero inlet subcooling (Hewitt 1982). 
 
Figure 1-12: Effect of pressure on critical (“burnout”) heat flux for a tube of diameter 
0.01m and length 1m, and zero inlet subcooling (Hewitt 1982) 
Figure 1-13 shows effect of tube diameter on critical heat flux for a tube length of 2m 
and a pressure of  6MPa and for two different inlet subcoolings (zero and 0.6 MJ/kg 
respectively). As will be seen, the effect of tube diameter decreases with increasing 
diameter; indeed, for the zero inlet subcooling case,      
   becomes nearly 
independent of diameter at large diameters.  
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Figure 1-13: Effect of tube diameter on critical (“burnout”) heat flux for a tube of 
length 1m, for zero inlet subcooling and for a pressure of 6 MPa (Hewitt 1982). 
Figure 1-14 shows the relationship between      
   and mass flux for a tube length of 
1m and a tube diameter of 0.01m and for zero inlet subcooling. For each of the 
pressures considered (1, 6 and 10 MPa), the critical heat flux becomes less dependent 
on mass flux as mass flux increases. This is important since it shows that the problem 
of critical heat flux cannot be solved (in the high mass flux region) by simply 
increasing the mass flux.  
 
Figure 1-14: Effect of mass flux on critical (“burnout”) heat flux for a tube of 
diameter 0.01m  and length 1m,  for zero inlet subcooling  (Hewitt 1982) 
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1.5.7 CHF prediction methods 
To design, and to conduct safety assessments, it is plainly desirable to be able to 
predict whether or not CHF will occur under any particular set of circumstance. In 
this section the “classical” prediction methods will be discussed.  These can be 
divided into three broad classes; “empirical correlations”, “simple interpolation of 
data via look-up tables”, and the third “phenomenological modelling”. However, it 
is to be noted that phenomenological modelling necessarily employs empirical 
correlations anyway; the phenomena are too complex for true first-principles 
prediction. 
1.5.7.1 Empirical correlations 
Vast numbers of experimental measurement of CHF have been made, reflecting its 
wide industrial importance, in particular in the nuclear power area. As an indication, 
the latest set of ‘Look Up Tables’ (about which more below) are based on a collection 
of some 30,000 measurements (Groeneveld et al. 2007). These data are commonly 
correlated to provide convenient tools to identify when CHF is to be expected, and a 
very large number of such correlations have been proposed. 
As with correlating any set of experimental measurements, a degree of physical 
insight must be employed to identify the most significant independent variables, and 
(even more significantly) the groupings into which these most naturally fall. Tong et 
al. (1997) give a helpful description, which will be paraphrased here: 
The system pressure determines the saturation temperature, and other related 
properties of the fluid, including the enthalpy of vaporisation, which is important in 
relating vapour formation rate to heat flux. The viscosity and surface tension, 
evaluated again at the saturation temperature, control the bubble size, buoyancy, 
and the local void fraction distribution. The local enthalpy and mass flux affect 
bubbly-layer thickness, and liquid entrainment in annular flow. 
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Based on these arguments, correlations have been sought (e.g. the W-3 correlation as 
summarised by Tong et al. 1997) in the form of couplings of terms which include 
functions of these groupings,  
     
     (   )  (   )  ( )  (   )    (1-1) 
Nonetheless, the process is naturally still essentially empirical. It is also a very ‘non-
deterministic’ one. The total number of empirical correlations for the prediction of 
CHF only for tube geometry already exceeds well over 1000. As early as 1964, Milioti 
(in a Penn State University thesis) is reported by Collier (1972) as having identified 
some 59 correlations. 
Broadly, for uniformly heated tubes, most of the experimental CHF data for given 
mass flux, pressure and channel cross section, can be plotted in terms of unique 
curves: flux/quality (so called local condition hypothesis) and quality/boiling length 
(so called integral length hypothesis).  
Local condition hypothesis: A plot of CHF against quality at CHF gives a unique 
curve, which implies that CHF is a function of local conditions and this leads to 
correlations of the form: 
     
    (            )     (1-2) 
The correlations of Macbeth (1964) and Bowring (1972) are examples of empirical 
correlations based on this “local conditions” approach. 
Boiling length hypothesis: An alternative way of correlating is in terms of quality 
      at the position at which the CHF condition occurs and the boiling length   . The 
boiling length is defined as the distance between the point at which the liquid 
reaches the saturation temperature (zero quality) and the point at which the CHF 
event occurs (the end of the channel for a uniformly heated channel).  
A typical boiling length correlation is that of Biasi (1967) which is in the form: 
      
   
    
       (1-3) 
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Where   and   are functions of pressure, mass flux and equivalent diameter. It is 
readily shown from a heat balance that the local conditions and boiling length 
hypotheses are interchangeable for uniformly heated channels as is further 
demonstrated in Section 1.5.8.2. They give different results for a non-uniform axial 
distribution of heat flux; here, the boiling length hypothesis is closer to experiments. 
The Biasi (1967) boiling length correlation is still quite widely used; it is the main 
correlation offered, for example, in the TRACE code (USNRC 2007). 
Note that whilst these approaches may be formally ‘algebraically’ equivalent, they 
do not in general give quite the same numerical values for predicted CHF. This is 
because they are anyway only approximate ‘fits’ to the observed actual heat flux and 
depend, therefore, on the data base used.  
The generation of correlations has continued. In a recent review, Hall et al. (2000b) 
identified over 100 correlations for sub-cooled flow in a uniformly heated round 
tube. 
Moreover, having also gathered what they claim is the largest database of such 
measurements (some 32,000 data points) Hall et al. (2000a) used these to produce a 
further correlation. It is claimed to be more physically-based, employing only some 
~1/10 of their database, but apparently is ‘far more accurate’ than others, and is 
‘more accurate’ than the widely-used ‘Look-Up Tables’ (Groeneveld et al. 2007). 
A useful paper with various correlations quoted, and including a methodical 
comparison of their predictions, is that of Ferrouk et al. (2008). It covers the 
evaluation of the performance of twelve critical heat flux correlations. A review of 
critical heat flux models/correlations applicable to non-uniform axial heat profile is 
provided. Simulation results using prediction methods based on local conditions, the 
Tong F-factor and boiling length approaches were compared. 
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1.5.7.2 Data interpolation 
An alternative to, and indeed arguably a response to, the great proliferation of 
different correlations is simply a reversion to the raw data. In principle, this is what 
is done with “look up tables”. 
Early work began in parallel, both in the West and in the Soviet Union, with the 
Russian Academy of Sciences publishing tables in 1976.  One of the main Western 
efforts was centred in Canada, and this work has become consolidated with the early 
Russian work, and has led to the now nearly ubiquitous Groeneveld Lookup Tables 
(Groeneveld et al. 2007). 
1.5.7.2.1 The construction and use of the tables 
There is by now a simply vast collection of measurements of critical heat flux for 
water flowing inside pipes. (There is of course also a large set of data for other fluids 
and other configurations, but we will concentrate on water in pipes here.)  For 
example, those in the database employed by Groeneveld in the most recent issue 
(Groeneveld et al. 2007) of his look-up table number some 33,000.  They cover a 
range of conditions, including of different pipe diameters.  
Tube diameter: The tabulated data is all produced by reference to the critical heat 
flux in an 8mm tube.  The scaling of critical heat fluxes measured in pipes different 
from 8 mm in diameter is achieved by using an empirical expression of the form 
(Wong 1994): 
     
  (   )       
  ( ) (
 
 
)
   
     (1-4) 
All tabulated values are thus for 8mm tubes, and values for other diameters are then 
obtained by the user of these tables by the reverse of this process. There is a 
considerable degree of ‘data cleansing’ undertaken as part of the process of 
compilation of these tables. 
Construction of the tables: Plainly, generating these tables from a rather disparate 
collection of some 30,000 sets of data is a major statistical exercise, involving first 
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some fairly sophisticated data cleansing. There is then much data smoothing, 
averaging and interpolation, to generate actual table entries at the required discrete, 
uniformly spaced table locations. The details are given by Groeneveld et al. (2007). It 
is an effort which has spanned many years, involving many researchers, and it is 
probably true to say that subject to their underlying characteristics, the tables are 
now quite sophisticated and mature. 
Extraction of CHF values from the tables: The normal use of the tables is simply to 
read a CHF value for the conditions of interest. If these conditions lie between the 
tabulated values, the user must simply interpolate, as he or she sees fit. If his 
diameter of interest is not 8mm, the data are scaled using equation 1-4. 
1.5.7.2.2 Assessment of the accuracy of the tables 
There is no simple or single answer to the question of how accurate is values taken 
from the tables. 
Firstly, two data values themselves might be for identical conditions when 
characterised by only the three (four, if we include the diameter) parameters 
retained as independent variables, but since the real-world CHF may well depend 
on other factors (such as pipe surface roughness) in addition, we should not expect 
the data to agree with each other precisely. (The extent to which they do not is of 
course an indication of the importance of variables in addition to those used to 
characterise the case.) Taking account also of measurement uncertainties (such as in 
the means of detecting CHF), a nominally identical experiment may not produce 
exactly the same results when repeated, except in some average sense. 
Secondly, there are two ways to determine if a CHF value from the table 
‘retrospectively predicts’ any of the data from which the table was derived. Almost 
invariably (and certainly for all the data using in constructing the tables), inordinate 
temperature rises due to CHF in a uniformly heated tube begin at the end of the 
channel as the heat flux is increased. The first approach is to calculate (using the 
measured CHF) the exit quality from a heat balance and to then estimate the CHF 
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expected for this exit quality from the tables; this CHF can be compared with the 
measured value. The second approach is to take the experimental value of CHF and 
to interpolate the tables to give an estimate of the exit quality expected. One can 
compare this estimated quality with the one calculated from the heat balance.  
The producers of the tables have performed evaluations of the types summarised 
above and present graphs that characterise the ability of their tables to back-predict 
the data from which they were derived.  
1.5.8 The applicability of correlations and interpolation to cases with non-uniform 
axial heat flux profiles 
1.5.8.1 Why should non-uniformity matter? 
It is perhaps worth first discussing just why what has happened upstream should 
affect anything anyway, and why the local quality is not a sufficient indicator. 
Consider the case of DNB (low quality bubble-crowding, or similar, CHF). The 
propensity for the formation of a vapour blanket at the wall will depend on the 
bubble density near the wall, and on the near-wall temperature, as well as on the 
local heat flux. These first two quantities will depend not only on the integral of the 
linear power added to the flow up to this point, but on the recent rate of addition of 
heat. Consider the (extreme) case where, with uniform heating, DNB conditions had 
as good as been reached, and then there was a length of unheated tube. Bubble 
densities over the cross section would become more uniform, and may (depending 
on the enthalpy) reduce on average, and the near-wall temperatures would reduce 
as temperatures became more uniform over the cross section. If heating then 
resumed, DNB would not occur for some little distance, until a hot, bubbly near-wall 
region had been re-established. That is obviously an extreme case, but serves to 
illustrate the mechanism. 
The sensitivity of the high quality, film dryout CHF to these ‘history’ effects is much 
greater because film dryout is the result of the integral, along the channel, of the 
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processes of evaporation, deposition and entrainment leading to the drying out of 
the film at the location of the CHF occurrence. The case of uniform heating is just a 
special case of the way in which these processes occur along the channel and, by 
changing the heat flux profile, quite different relationships between local quality and 
local heat flux at dryout (CHF condition) can be obtained. 
1.5.8.2 Comparison of the local conditions and ‘boiling length’ approaches: 
Uniform heat flux 
As was stated above, data for uniformly heated tubes is often correlated using a 
relationship between critical heat flux      
   and local quality x. A common alternative 
form of correlation is that relating quality at the point of occurrence of the CHF 
phenomenon to the boiling length LB (i.e. the distance between the point at which the 
fluid reaches the saturation temperature and the point at which the CHF 
phenomenon is observed). Correlations of these respective types are presented 
above. The two forms of relationship are sketched in Figure 1-15. 
 
Figure 1-15: Flux/quality and quality/boiling length representations of CHF data 
The      
     form of relationship seems to indicate the existence of a phenomenon 
governed by local conditions and the       relationship appears to indicate an integral 
phenomenon, governed by events that have happened in the distance    upstream 
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of the location of CHF. However, for uniform heating the local quality is itself a 
simple linear function of the boiling length, and thus too has just this ‘integral’ 
dependence. 
A simple energy balance: 
   
                   (1-5) 
gives us the critical boiling length 
   
           
   
  (      )      (1-6) 
or 
       
   
  
     
  (  )      (1-7) 
Most data have been obtained with uniformly heated tubes, and it is readily shown 
that, for this case, the two relationships are equivalent and it is not possible to make 
a distinction between them. 
1.5.8.3 Non-uniform heating 
The difference between the local conditions and boiling length hypotheses is found 
when considering non-uniformly heated tubes. A typical non-uniform heat flux 
distribution is that of a cosine shape as found in many reactor situations. The way in 
which a cosine flux shape is related to the      
     and      type of correlations is 
illustrated in Figure 1-16 and Figure 1-17 respectively. As the power input is 
increased, then the “operating lines” (i.e. the loci of flux/quality and quality/boiling 
length along the channel) shift until they ultimately touch the correlating line. Note 
that, for non-uniform heating, the location of CHF is not necessarily at the end of the 
channel. 
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Figure 1-16: Application of flux/quality correlation obtained for uniform heat flux to 
prediction of CHF (“burnout”) with a non-uniform (cosine) heat flux distribution 
(Hewitt 1982). 
 
Figure 1-17: Application of quality/boiling length correlation obtained for uniform 
heat flux to prediction of CHF (“burnout”) with a non-uniform (cosine) heat flux 
distribution (Hewitt 1982). 
54 
Data for non-uniformly heated tubes do not correlate in terms of flux and quality as 
is exemplified by the results shown in Figure 1-18. On the other hand, data for non-
uniform heat flux are often much better correlated by the quality/ boiling length 
approach as is exemplified in Figure 1-19. However, it should be stressed that 
neither approach can be applied completely generally since neither represents the 
complex integral effects which occur along the channel. This lack of generality can be 
illustrated by considering the “cold patch” experiments described by Bennett et al. 
(1966). A 61-cm unheated zone was present at various positions in a vertical tube 
tubular test section whose total length was 4.27m, as shown in Figure 1-20. With the 
unheated zone in certain positions, it was possible to obtain higher powers to CHF 
(“burnout”) than for the case where the tube was uniformly heated. Of course, these 
results vitiate the flux/quality relationship, which is not unexpected considering the 
results shown in Figure 1-18. However, the results are clearly also contrary to there 
being a unique quality/boiling length relationship. To predict such results, it is 
necessary to invoke phenomenological models of the type described in Section 1.5.9.  
The effects of non-uniform heating have been recognised in the past and an 
empirical method for estimating the effect (the Tong F-factor method, Tong et al. 
1966) has been quite widely applied. In this method, the following fluxes are 
defined:  
-The actual heat flux at position z along the channel,    ( ) 
-The CHF at distance z predicted from a flux/quality correlation for uniformly 
heated tubes,      
  ( )  
-The actual CHF at distance z along the channel for the case of non-uniform heating, 
     
  ( )   
A margin to CHF may be defined at a position       along the channel as: 
          
     
  (     )  
   (     )
 
     
  (     ) 
 (     ) 
  (     )
     (1-8) 
where the F-factor is defined as:  
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 (     )  
     
  (     ) 
     
  (     )  
       (1-9) 
Tong et al. (1997) derived the following semi-empirical expression for F(z): 
 (     )  
 
     (       )
∫
   ( )
   (     )
     
 
   [  (       )]     (1-10) 
where the distance along the channel   is given in meters and the parameter   is 
given by the following empirical expression: 
  
        [   ( )]   
     
       (1-11) 
Hewitt (1982) recommends that the flux/quality relationship be used for x< -0.1 and 
the quality/boiling length relationship for x> 0.1 and that the Tong F-factor method 
be used in the range -0.1 < x < 0.1. However, it should be stated that, for complex 
heat flux shapes, recourse should be made to a more phenomenological approach as 
discussed in Section 1.5.9.  
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Figure 1-18: The effect of non-uniformity in the wall heat flux. Flux/quality plots for 
Refrigerant-114 CHF in an annulus with various axial heat flux distributions. p = 0.86 
MPa, G = 760 kg m-2 sec-1, id 14.3 mm, od 22.2 mm (Shiralkar  1972). 
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Figure 1-19: CHF with various heat flux distributions, plotted in the quality/boiling 
length form. Pressure 6.89 MPa (Keeys et al. 1971) 
 
Figure 1-20: Power to CHF in a tube with an unheated zone (“cold patch”): 
Evaporation of water at 6.89MPa in a 12.6 mm diameter tube, re-plotted from 
Bennett (1967). 
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1.5.9 Phenomenological modelling 
The mechanisms of CHF were discussed in detail in Sections 1.5.2, 1.5.3 and 1.5.4. 
Broadly speaking, there seem to be two main types of event leading to CHF, one 
involving the restriction of access to the heated surface by liquid from a liquid-rich 
core flow and the other the drying out of a liquid film as a result of entrainment and 
evaporation in an annular flow. The first type occurs typically at low or negative 
qualities and the second at higher qualities where annular flow is the prevailing flow 
pattern. In phenomenological modelling an attempt is made to represent the governing 
physical processes occurring and this type of modelling is discussed here for the 
cases of low quality flows (Section 1.5.9.1) and high quality (annular)  flows (Section  
1.5.9.2). 
1.5.9.1 Low quality and sub-cooled boiling regions 
Phenomenological modelling of low quality CHF has been pursued mainly based on 
the bubble crowding mechanism and these studies will be discussed first. However, 
there has been some recent work on phenomenological modelling based on some of 
the other mechanisms (CHF associated with nucleation centres and vapour slugs) 
and this will be discussed next. 
Bubble crowding: During forced convection nucleate boiling, small bubbles are 
formed at the heated surface, and are swept away into the bulk of the flow. In 
subcooled flow conditions, the bubbles may condense in the bulk flow. The 
population density of the bubbles depends on how close to saturated is the bulk 
fluid, and, near the wall, on the magnitude of the heat flux. 
If the surface heat flux is high enough, a bubble density close to the wall can be 
produced which is so high that the flow of further liquid to the wall, to keep it 
wetted, is inhibited by the bubbles themselves. This “bubble crowding” mechanism 
has been long identified as the principal phenomenon governing low-quality CHF 
(DNB), and a number of more or less physically-based models have been proposed 
to describe it. 
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It is worth commenting that particularly early on, other mechanisms were proposed. 
The main one was associated with the reduced transport to the bubble layer 
associated with separation of the boundary layer from the wall, caused by the 
generation of vapour at the wall. However, the bubble-crowding mechanism does 
now seem to have majority support.  
A widely-used model for bubble crowding is that of Weisman and Pei (1983). This 
model has been investigated in the work described in this thesis and a more detailed 
discussion of it is given in Chapter 4. 
Dryout under vapour zones at the wall: The work by Le Corre (Le Corre 2007, Le 
Corre et al. 2010) on the classification of low-quality CHF associated with wall 
rooted bubbles was described in Section 1.5.2 above. The vapour in the wall region 
could be associated with bubbly flow (Type 1), vapour clots (Type 2) or slug flow 
(Type 3).  
Le Corre et al. (2010) propose a phenomenological model of CHF (DNB) in which it 
is asserted that DNB is associated with the inability to re-wet a patch of surface that 
has become overheated beneath a vapour region near the wall. On departure of the 
vapour from the wall region, the overheated zone remains dry and the overheating 
increases leading to DNB (CHF).  
Figure 1-21, reproduced from Le Corre et al. (2010), indicates the mechanism they 
propose under circumstances of bubbly flow. In essence, if the metal surface beneath 
the bubble reaches the Leidenfrost temperature before the bubble departs (which 
will happen with high heat fluxes), fresh water will not be able to wet the surface 
after the bubble has departed. This dry patch is then assumed to spread radially 
leading to a characteristic DNB/CHF. 
It should be noted that the Leidenfrost temperature is usually defined in the context 
of an isolated droplet bouncing from the vapour layer it generates as it approaches a 
hot surface. This droplet interaction situation is geometrically and topologically 
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essentially the inverse of the conditions shown in Figure 1-21. Nonetheless, the Le 
Corre analysis is interesting. 
 
Figure 1-21: The “Dry spot spreading model”; (Le Corre et al. 2010) 
1.5.9.2 Film dryout in annular flow 
In annular flow, there exists a liquid film on the channel wall and a gas (or vapour) 
core which carries a dispersion of liquid droplets. Figure 1-22 shows the nature of an 
annular flow. A phenomenon of particular interest is the existence of very large 
waves (“disturbance waves”) at the film interface. These waves are the source of 
liquid entrainment and influence the pressure gradient and heat transfer. It has been 
shown that, in annular flow, the CHF phenomenon corresponds to the drying out of 
the liquid film. 
 
Figure 1-22: The nature of annular flow (Hewitt 1982). 
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Proof that CHF (dryout) occurs due to the disappearance of the liquid film was 
obtained in a number of experiments at the UKAEA Harwell Laboratory in the 
1960’s and 1970’s and these are exemplified by the results shown in Figure 1-23. In 
these experiments, the liquid film flow rate was determined by removing the film 
through a porous wall section as shown in Figure 1-23.  The power input at which 
CHF occurred at the end of the channel corresponded closely with that at which the 
film flow rate went to zero. CHF in annular flow is therefore an integral phenomenon 
in which the processes of evaporation and droplet entrainment lead to the film 
drying out, despite the fact that these processes are partly offset by droplet re-
deposition onto the film. It is convenient, therefore, to consider the changes 
occurring over the whole channel which lead to the drying out of the film. Such plots 
are shown in Figure 1-24; this figure also shows data for two cases where a “cold 
patch” (i.e. an unheated zone) is introduced in the channel. In the results shown, the 
start of the 0.61m long cold patch has been located at 1.06 m and 1.52 m from the 
start of the heated zone respectively. An alternative form of presentation for data 
such as that shown in Figure 1-24 is to plot entrained flow rate rather than film flow 
rate, as is shown in Figure 1-25. The entrained flow rate is shown as a function of 
local quality; CHF (dryout) occurs when the entrained flow rate becomes equal to 
the total liquid flow rate as shown (the total liquid flow rate decreases linearly with 
increasing quality reaching a value of zero at a quality of unity (100%)). 
On this form of plot, it is also possible to plot a line representing hydrodynamic 
equilibrium. The hydrodynamic equilibrium condition represents the case where, for 
an adiabatic flow in a very long tube, the rate of entrainment of droplets is equal to 
the rate of deposition of droplets. As will be seen from Figure 1-25, the direction of 
change of the entrained flow rate with quality in a diabatic (heated) flow depends on 
the location of the local value of entrained flow rate relative to the hydrodynamic 
equilibrium condition. 
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Figure 1-23: Variation of film flow rate at the end of a heated channel as a function of 
power input into the channel (Hewitt 1970). Flow of water at a pressure of 6.89MPa 
and an inlet subcooling of 1.75 MJ kg-1 in a tube of 3.66m length and 12.6mm 
diameter. 
 
Figure 1-24: Variation of film flow rate with distance along a heated channel. (Inlet 
pressure 3.77 bar, inlet temperature 111 oC, mass flux 297 kg m-2 sec-1) (Bennett et al. 
1966). 
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Figure 1-25: Variation of entrained droplet flow rate with local quality. Inlet pressure 
3.77 bar, inlet temperature 111 oC, mass flux 297 kg m-2 sec-1 (Bennett et al. 1966). 
Film dryout occurs in annular flow when the net result of the processes of 
evaporation from the film, droplet entrainment from the film and droplet deposition 
onto the film is such that they lead to the film flow rate and film thickness becoming 
zero at a point along the channel. For a uniformly heated channel, this point 
normally corresponds to the end of the channel. 
The challenge of phenomenological modelling of dryout (CHF) in annular flow lies 
in being able to model these processes. Summaries of phenomenological models for 
dryout are presented by Hewitt (Hewitt 1982, Hewitt 1998, Hewitt et al. 1990). 
Basically the models involve the estimation of the local value of the liquid film mass 
flux ‘GLF’ by integration of the following equation: 
 
  
    
 
 
(       )      (1-12) 
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where   the deposition,   the entrainment rate and     liquid film evaporation rate 
(mass per unit channel surface area per unit time). This type of model has improved 
over the years, mainly reflecting the improved relationships for   and  .  
Correlations for   and   are provided by Hewitt and Govan (1990).  D is calculated 
from: 
           (1-13) 
where   is the concentration (mass per unit volume) of the droplets in the gas core 
calculated on a homogeneous basis as: 
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   is the deposition mass transfer coefficient (m/s) correlated as follows: 
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The entrainment rate   was correlated in the form: 
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where      is a critical liquid film mass flux given by: 
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The plots of correlations for D and E are shown in Figure 1-26 and Figure 1-27 
respectively. Though the data are scattered around the correlating lines, and though 
this is an area for potential improvement in the future, the availability of these 
correlations makes possible the prediction of many situations of annular flow and 
CHF (dryout). 
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Figure 1-26: Deposition Correlation (Hewitt and Govan 1990) 
 
Figure 1-27: Entrainment Correlation (Hewitt and Govan 1990) 
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This area, of phenomenological-based modelling of film dryout is an active field of 
research, and it does seem to offer the most effective way to cope, in particular, with 
this issue of non-uniform heat flux. An example of a recent study in this area is the 
work of Adamsson et al. (2010), who coupled a film dryout model to a version of the 
VIPRE code, and produced quite encouraging agreement with measurements. 
1.5.10 CHF in Systems Codes 
 ‘Systems Codes’ are the workhorses of nuclear thermal hydraulic analyses. There is 
a variety of such codes, often themselves derivatives of each other; a still incomplete 
list might include RELAP5, COBRA/TRAC, TRAC-BWR, TRAC-PWR, CATHARE, 
RETRAN. 
In their traditional one-dimensional form, they in essence model the system as 
comprising pieces of pipe, in which mass, momentum and energy are conserved. 
Extension of the modelling to 3D has been pursued in the cases of some of the codes. 
For closure of the various sets of equations, individual physical phenomena (eg. 
frictional shear stress) are modelled with essentially empirical relationships (for 
example, a friction factor correlation). The treatment of critical heat flux is one such 
phenomenon. 
The treatment of CHF differs from code to code but, in any case, it is generally 
possible to employ other treatments, either via built-in options, or by user-
implemented code changes. The treatment of CHF in the various codes is 
summarised to give a flavour of the approaches adopted. 
1.5.10.1 RELAP 5 
In RELAP5 (2001) the Chen (1966) boiling correlation is used to calculate the heat 
transfer coefficient up to the critical heat flux point. The determination of the CHF 
point is on a local-conditions basis, by reference to the Groeneveld et al. (2007) Look 
Up Tables. As an alternative, a correlation-based CHF prediction method (Pernicia et 
al. 1995) is offered as an alternative; this correlation can be applied in various modes 
(‘basic’, flux, geometry and power). 
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1.5.10.2 TRACE 
The TRACE code is structured such that a smooth prediction of CHF is required over 
a wide range of operating conditions, to determine the transition point for the heat 
transfer regime, and to facilitate the transition boiling wall heat flux treatment. These 
conditions span from PWR operation to low circulation rates at low pressures. 
Further, the possibility of flow stagnation and reversal makes treatments based on 
boiling lengths inappropriate. 
For these reasons the default CHF model in TRACE is the local conditions Look up 
Tables (Groeneveld et al. 1996), with an empirical factor to improve the accuracy 
when applied to rod bundles. There is additionally special treatment possible to 
accommodate the high-quality, high mass flux conditions that can arise in BWR 
analysis. The full look up table formulation includes factors to accommodate effects 
such axial flux shape, heated length and grid spacers; these are not incorporated in 
TRACE. 
1.5.11 CHF in Systems Codes: Closing remarks 
As will be discussed below, for licensing and safety case purposes, DNB in a fuel 
assembly will generally be investigated using a more detailed and specific 
subchannel code. Further, the CHF (and other) thermal hydraulic closure relations 
employed will be specific to that fuel assembly geometry and conditions. However, 
the main role of Systems Codes is to be general purpose, utility tools for analysing a 
wide variety of events. As such, their treatments of phenomena such as CHF cannot 
be optimised for particular tasks. The use of general purpose correlations, and in 
particular Look up Tables, seems to be a reasonable ‘best compromise’ approach. 
1.6 Post CHF (Dryout) Heat Transfer 
Collier et al. (1994) suggest that post dryout heat transfer is generally initiated from 
the wet wall regime by passing through one of the following three transitions of the 
evaporation process and persists until quenching or rewetting of the surface occurs: 
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 Heat flux at the wall or the imposed wall superheat is so high that a 
continuous vapour film is formed on the wall. 
 The liquid within an annular film may completely evaporate, leaving the 
enterained liquid droplets in the vapour still to be evaporated. 
 At some point, the vapour shear stress on the liquid film is strong enough to 
completely remove the film from the channel wall, such that all the liquid is 
entrained in the vapour phase as droplets.  
Though the first two of the above transition mechanisms appear realistic, the third 
one is unlikely since it has been shown that the liquid film is not completely 
removed even when the gas phase is flowing at sonic velocity (Smith et al. 1968).  
The transition between wetted wall and unwetted wall conditions can occur as a 
result of increasing heat flux in steady flow or as a result of the progression of a 
wetting front in a reflood situation. The principal post dryout heat transfer modes in 
flow boiling or in reflood can be classified as: 
(a) Inverted-Annular Film Boiling (IAFB)  
In this case, heat transfer in the post-dryout region occurs with inverted annular 
flow, wherein a liquid core is surrounded by a vapour film at the hot channel 
wall. Transition between a wetted wall and a post-dryout region of this type in 
steady flows would occur typically at high heat fluxes and low or negative 
qualities . Typically, these conditions would apply in shorter channels  and/or 
high mass fluxes.  This form of transition occurs in reflood at high flooding rates 
(see Figure 1-28). 
   
(b) Dispersed Flow Film Boiling (DFFB)  
In this case, the heat transfer in the post-dryout region  occurs between the 
heated surface and a dispersion of droplets in the vapour. The precursor to this 
transition is normaly high quality dryout (annular film dryout).Typically, in this 
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case, the channels would be long and the mass fluxes less high. This form of 
transition occurs in reflood at low flooding rates (see Figure 1-28).   
 
Figure 1-28: Flow regimes during bottom re-flooding (Andreani et al. 1994) 
The dispersed flow film boiling (DFFB) regime is most commonly encountered. Also 
the zone in which post dryout heat transfer is occurring is sometimes referred to 
being in the liquid deficient regime.  
1.6.1 Dispersed flow film boiling (DFFB) 
The heat transfer mechanisms which are to be considered during the modelling of 
dispersed flow in the post dryout region are as follows: 
1. Convective heat transfer from the wall to vapour 
2. Interfacial heat transfer between vapour and droplets 
3. Direct contact wall-to-droplet heat transfer 
4. Radiative heat transfer from the wall to the droplets 
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5. Radiative heat transfer from the wall to vapour 
6. Radiative heat transfer from the vapour to the droplets 
7. Evaporation of the droplets. 
The problem of the prediction of thermal hydraulic conditions downstream from 
dryout point as a function of position and time, may be regarded as one of transient 
prediction of an entrance region which start at the dryout location. The inlet 
conditions are assumed to be known or specified as a function of time and are total 
mass flux, equilibrium quality at dryout, static pressure at dryout and void fraction 
at dryout. The boundary conditions could be either  the wall temperature or  the 
wall heat flux. 
Knowing the above initial and boundary conditions, it is possible to predict the 
subsequent thermal hydraulic parameters in space and time. Specifically, the 
equilibrium and actual flow qualities, bulk vapour temperature, pressure 
distribution, void fraction distribution and either the wall temperature or the wall 
heat flux depending upon which one is known. 
1.6.2 Generalized heat transfer models  
1.6.2.1 Wall to vapour heat transfer 
In the dispersed flow film boiling regime, the void fraction is expected to be  80% or 
higher which suggests that the wall to vapour heat transfer can be reasonably 
approximated by the vapour heat convection. Thus, one could expect following 
generalized proportional relationship to apply (Chen et al. 1992):   
       (     ) (  )
       
    
  
 
       (1-18) 
1.6.2.2 Vapour to drop heat transfer 
In this regime, heat is mainly transferred to the liquid drops via convection from the 
vapour continuum. So, the interfacial heat transfer from vapour to liquid per unit 
volume of mixture can be expressed as: 
      (       )             (1-19) 
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Where    is interfacial droplet surface area per unit volume and     is interfacial 
heat transfer coefficient.     , the interfacial heat transfer coefficient,  is normally 
calculated from a correlation for  Nusselt number for convective heat transfer to 
single sphere, e.g. the Lee-Ryley correlation (1968).   , the interfacial droplet surface 
area per unit volume of mixture, is quite difficult to predict since it depends on a 
number of factors including initial conditions, the history of evaporation of the 
droplets and drop break-up & coalescence. 
1.6.2.3 Wall to liquid heat transfer 
In most of the early post dryout heat transfer models (for example those of Dougall 
and Rohsenow 1963, Groenveld 1976 and Chen 1979), direct heat transfer from the 
wall to the droplets was assumed to be negligible since,  in presence of  high wall 
superheat, the thin vapour film between droplet and wall inhibits direct droplet/wall 
contact. This justification is valid for the regions far from dryout point but, as 
experimental  studies have indicated, the  wall superheat downsteam of the dryout 
point does not change a step function;  rather it takes a finite length to reach its peak 
value. The direct contact of droplets with the heated wall in regions  near to the 
dryout point is highly possible, even when such contacts are for very short times. 
The experimental findings of Evans et al. (1983), suggest that the region of  non-
equilibrium vapour superheating starts almost a third of metre from the onset of 
dryout, supporting the possibility of a region of significant wall droplet interaction 
immediately downstream of the dryout location. Chen et al. (1992) proposed 
following generalized model for wall to liquid heat transfer: 
         (       ) √(     )  
(  )
   ⁄      (1-20) 
where    is the root square average contact duration and    is the fraction of wall 
surface area under liquid contact at any instance, which is itself dependent on wall 
superheat.  
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Radiation heat transfer, although unimportant in transition boiling, becomes 
increasingly important in film boiling, particularly at low flows, low void fractions 
and surface temperatures in excess of 700oC. 
1.6.3 Departure from thermodynamic equilibrium 
During the wet wall evaporation the wall temperature remains almost at local 
saturation temperature for a given pressure. However, in the post dryout region the 
wall temperature becomes higher than the local saturation temperature. This means 
that liquid drops and vapour phase are  no longer in thermodynamic equilibrium 
and the vapour phase becomes superheated. One can postulate two extreme 
scenarios : 
1. That the droplets entrained in the vapour do not evaporate and that all the 
heat passing into the fluid goes into supheating the vapour. 
2. That the droplets evaporate fast enough to maintain the vapour at its 
saturation temperature. 
The actual situation lies in between these two scenarios which are illustrated in 
Figure 1-29 for the case of a uniform heat flux. 
In the first scenario, the heat transfer coefficient from the wall remains nearly 
constant and, for the case of a constant heat flux,  both wall temperature and vapor 
temperature rise approximately linearly. In the second scenario, the vapour 
temperature remains close to saturation temperature but the vapour velocity 
increases until all the droplets have been evaporated. Thus, in this second case, the 
heat transfer coefficient increases with distance (and the wall temperature falls) until 
all the droplets have been evaporated. Another way of considering these two 
scenarios is that the actual vapour quality (defined on a mass flow and not an 
enthalpy basis) remains constant in first scenario whereas it increases in the second. 
Since thermodynamic equilibrium between the vapour and the liquid is retained in 
the second scenario, the quality in that case is the same on both a mass flow and 
73 
enthalpy basis. In reality, the actual quality lies somewhere in between these two 
extreme cases.  
 
Figure 1-29: Departure from thermodynamic equilibrium in the post dryout region 
(Collier et al. 1994) 
 At low pressures and low mass fluxes, there is a tendency for thermal non 
equilibrium to prevails in the post-dryout region whereas there is a tendency 
towards thermal equilibrium in case of high pressures and very high mass fluxes. 
That’s why, high pressure and high mass flux data can be predicted satisfactorily by 
using thermodynamic equilibrium correlations (Katsaunis 1987) but in other 
situations these correlations achieve limited success (Koehler & Kastner 1987). 
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Thus, significant non-equilibrium between liquid and vapour phases exists in the 
DFFB regime, except at high mass fluxes where the small drop size  and large 
interfacial area for heat transfer from vapour to liquid keep the vapour temperature 
close to saturation temperature. However,  early experiments by Forsland and 
Rohsenhow (1968) indicated the existence of thermodynamic non-equilibrium i.e. the 
presence of superheated vapour co-existing with liquid drops. Vapour superheat is 
one of the most vital unknowns in DFFB. It increases with heat flux and decreases 
with interfacial drag and interfacial area;  both interfacial drag and interfacial area 
are dependent hydrodynamic parameters depending upon droplet generation, 
interfacial shear, break up & coalescence mechanisms and evaporation history. 
Thermal non equilibrium, expressed as the ratio of actual quality to equilibrium 
quality, is related to actual vapour enthalpy    as 
 
   
 
   
     
       (1-21) 
where     and     are the liquid enthalpy and the latent heat of vaporisation 
respectively. The vapour temperature can be inferred by using wall temperature 
measurements (Chen 1982) provided that contribution of radiation to wall to droplet 
heat transfer is negligible. 
     (     )       (1-22) 
where h can be predicted by any appropriate convective heat transfer correlation. 
Hein and Kohelar (1984) proposed a model for the calculation of vapour superheat at  
a point where vapour enthalpy reaches a constant value i.e. at that point heat is 
transferred from the wall to vapour is equal to the heat transfer to droplets plus heat 
required to heat up the newly generated steam. The model showed good agreement 
with the experimental data in the parametric range for evaporator tubes but it is 
inapplicable under low pressure and low mass flux conditions where the vapour 
superheat increases monotonically from the quench front (Evans et al. 1983). 
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1.6.4 Prediction methods for DFFB 
1.6.4.1 Empirical correlations  
Historically, the early calculations of wall temperature in dispersed flow film boiling 
were based on the empirical correlations based on following two major assumptions. 
 Thermodynamic equilibrium exists between the two phases at all axial 
locations i.e. vapour and droplets are at saturation temperature. 
 Turbulent vapour convection is the primary mode of heat transfer from 
heated wall. 
Most empirical correlations for convection heat transfer coefficient in the post dryout 
region are modified form of Dittus Boelter correlation for single phase heat transfer. 
A typical correlation for wall to vapour heat transfer is that of Dougall and 
Rohsenhow (1963), incorporating the two phase Reynolds number     : 
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        [    
  
  
(     )]      (1-24) 
And the wall heat flux is defined as: 
     (     )       (1-25) 
The main drawback of such correlations is their limited usefulness outside the data 
range form which they have derived. 
1.6.4.2 Phenomenological modelling 
In this group of models, the predictions are based on simple phenomenological 
descriptions of the physical processes and focused on calculation of vapour 
superheat;  most of them neglect direct wall-droplet contact heat transfer and 
radiative heat fluxes.  
Local condition models calculate the vapour superheat and heat transfer coefficient 
at any location downstream of dryout point based upon the local thermal hydraulic 
parameters like pressure, wall temperature, equilibrium quality etc. These 
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correlation normally correlate either actual vapour quality or the vapour superheat 
and heat transfer coefficient to the Reynolds number and equilibrium quality. The 
correlations of Groeneveld (1976), CSO correlation of Chen et al. (1979) and Yoder 
and Rohsenhow (1983) are typical examples of local condition models. 
These correlations are advantageous as they can be incorporated to any thermal 
hydraulic code as separate subroutines. 
Axial history dependent models are based upon idea that the degree of thermal non 
equilibrium at any axial location is strongly dependent on upstream competitive 
heat transfer mechanisms ( wall to vapour verses vapour to droplet). In these models 
thermal non-equilibrium is calculated on the basis of stepwise integration of first 
order differential equation (Jones and Zuber 1977): 
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where   is the actual volumetric vapour source and     
    
     
is its value at 
equilibrium. The model of Saha (1980) is one example of this sort of modelling. 
However, the lack of firm mechanistic bases remains a real concern for this class of 
modelling. 
1.6.4.3 Mechanistic modelling 
These models encompass more detailed description of the thermal hydraulic 
processes by using full set of conservation equations i.e. mass, momentum and 
energy. 
In the earlier models, four conservation equations, i.e. mass & momentum equations 
of the liquid phase and vapour continuity & energy equations, were simultaneously 
solved. The gas momentum and the liquid energy equation are neglected since the 
fractional variation of the gas pressure is usually small and the droplets are 
considered to be at saturation temperature. Examples of such models are those of 
Bennet et al. (1967) and Varone and Rohsenhow (1986).  
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More recent, lumped parameter models treat each phase (vapour and liquid) 
separately i.e. a set of six conservation equations for two fluid phases. In this 
approach one has to account for the interfacial transport i.e. interfacial mass, 
momentum and energy transfer between two phases. A similar approach is to write 
down the set of conservation equations for one of the phases plus three equations for 
the two phase mixture. Most of the nuclear reactor thermal hydraulic computer 
codes follow this approach. Such two-fluid models  requires closure laws to deal 
with interfaces as well as the wall boundary conditions. Because these laws are 
known to be dependent on flow patterns, flow regime maps must also be specified; 
with the same logic, heat transfer regimes also need to be considered and specific 
closure laws in the code link them to the corresponding flow regime. 
Andreani et al. (1997 a & b) proposed a detailed and complex 3D Eulerian-
Langrangian model of dispersed flow film boiling for typical reflood conditions in a 
vertical tube. The model, involving detailed mechanistic description of the droplet 
spectrum, was claimed to produce good results as compared to conventional 1D 
models in low mass flux conditions. This improvement is mainly  attributed to the 
possible reduction in prediction of interfacial heat transfer in presence of highly non 
uniform distribution of liquid over the cross section of the channel, whereas 
calculation of interfacial heat transfer in 1D  models assumes cross-sectionally 
averaged quantities over the channel. However, the application of this sort of models 
to nuclear reactor safety codes is still to be established.   
A more recent trend in prediction methodology is one dimensional three fluid 
models, in these models full sets of conservation equations (mass, momentum and 
energy) are solved for three phases i.e. liquid, vapour and droplet. Most of recent 
reactor safety codes (e.g.  COBRA-TF, NEPTUNE, and CATHARE)  solve these one 
dimensional phase averaged, time dependent equations to simulate the important 
thermal hydraulic phenomena. Jayanti et al. (2004) proposed a one dimensional 
three fluid model along with a complete set of closure relations to predict the high 
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pressure data for dryout and post dryout heat transfer. Generally good agreement 
was obtained with some exceptions at high pressure and high mass flux 
combinations. The study also reveals that at very high pressures annular flow 
conditions may prevail even at gas volume fraction less than 0.5 whereas droplet 
phase volume fractions are still very high. Also, the main mechanism for 
entrainment process was proposed to be boiling induced entrainment rather than 
traditional gas-shear induced hydrodynamic entrainment. 
Ergun et al. (2008) added a new dimension to DFFB modelling by introducing four 
field Eulerian-Eulerian modelling in COBRA-TF to improve the prediction of 
interfacial drag and interfacial heat transfer between the vapour and droplet fields. 
This model  further divides the usual droplet phase in three field modelling to large 
and small droplets. Additional three equations  (i.e. mass, momentum and interfacial 
area transport) have been added.  The model produced improved results for several 
reflood experiments; however, improvement in interfacial drag and entrainment 
models has been proposed for future research. 
1.7 The GRAMP Code 
1.7.1 Introduction 
The one-dimensional GRAMP code (General Runge-Kutta Annular Modelling 
Program) has been developed primarily via a series of PhD projects at Imperial 
College (Hawkes 1996 and Barbosa 2001c). In the present work GRAMP has been 
used to address the steady upwards flow of fluid in a pipe with a specified wall heat 
flux. The code can predict not only constant heat flux cases but also can be used to 
predict cases with any arbitrary axial heat flux distribution. The code has models for 
the pre-annular regimes (see Figure 1-4) and for the transitions between them. Thus, 
in evaporating flow in a tube, the inlet fluid is single phase liquid and the flow 
regime passes successively through single phase liquid, bubble flow, slug flow, 
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churn flow and leads finally to annular flow. Prediction of film dryout in annular 
flow is the principal objective of the work described here. 
By a combination of flow-regime maps, and conservation equations for energy, 
momentum, and mass (linking film, entrained droplet and vapour flow rates, with 
closure between these provided by empirical relationships), GRAMP predicts flow 
regime transitions, and ultimately film dry-out. The GRAMP code provides a generic 
platform for the implementation of phenomenological models for individual flow 
regimes, and the transitions between these regimes. The current version of GRAMP 
can be applied to both air-water and oil-gas flows, besides steam-water flows. It 
integrates various balance equations along the length of pipe to determine, locally, 
parameters such as void fraction, pressure gradient, film thickness and entrained 
liquid fraction. 
Whilst GRAMP predicts semi-mechanistically the various flow regimes that precede 
the annular flow regime, it is with this latter regime that the work described in this 
thesis has been primarily concerned. The prediction of dry-out of the liquid film 
follows from establishing expressions at an axial location for each of: 
-the rate of loss of liquid from the film through evaporation 
-the rate of loss of liquid from the film through entrainment of droplets into the 
vapour 
-the rate of addition of liquid to the film from deposition of droplets from the vapour 
The net result of these processes is then integrated along the flow direction and the 
point when the film flow rate falls to zero is taken to be the location of CHF. 
1.7.2 Physical basis 
In the work described here, the prime focus has been the use of the annular flow 
regime modelling capabilities of GRAMP, since dryout in annular flow has the 
principal objective. 
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In the annular flow regime, the liquid phase is present as a film flowing along the 
wall of the pipe, and as droplets entrained in the vapour core. Droplets are created at 
the crests of disturbance waves travelling on the film and are subsequently 
deposited onto the liquid film by the action of the turbulence in the vapour stream. 
In annular flows, the occurrence of dry-out depends upon the competition between 
entrainment, deposition and evaporation. Liquid is lost from the film as a result of 
droplet entrainment and evaporation, and it is gained by the film by droplet 
deposition. These various processes are indicated symbolically in Figure 1-30, and 
the associated symbols are defined in the nomenclature section. 
 
Figure 1-30: Annular flow in a vertical pipe, indication of the various physical 
processes and associated notation. 
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The rate of evaporation and entrainment may overcome that of deposition, and lead 
to liquid film dry-out. In the annular flow dry-out model, the equations for 
entrainment, deposition and evaporation are integrated along the channel, with 
conditions at the onset of annular flow (i.e. from the churn-annular transition) taken 
as the boundary condition for the integration. When the film flow rate is predicted to 
be zero, then dry-out is taken to occur.  
The balance equations for annular flow are derived by assuming steady state one 
dimensional flow with a uniform liquid film thickness around the perimeter of the 
pipe. Also it is assumed there is no slip between the vapour and droplet stream. 
Defining the individual component mass fluxes as the individual component mass 
flow rates divided by the whole pipe cross section, the mass balances for the liquid 
film, the entrained liquid and the vapour phase are as follows: 
Liquid film: 
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Entrained liquid 
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Vapour 
 
  
   
 
 
(       )       (1-29) 
For present purposes, the vaporization is considered to take place only from the film. 
With the wall wet, the vapour cannot be heated beyond saturation. The quantity     
is thus zero. 
Since the total mass flux is known, these three equations can be reduced to two. In 
GRAMP, further manipulations are made to develop an algebraically different, but 
conceptually basically similar, form. These are summarized below. 
Droplet entrained fraction,   , is defined as the entrained droplet mass flow rate 
divided by the total liquid flow rate: 
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Defining then the ‘individual flow qualities’ for entrained liquid, liquid film and 
vapour (gas) as: 
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and 
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we can write equation (1-30) as 
   
   
       
       (1-34) 
Using (1-31), and the observation that     is zero, equation (1-28) can be written 
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From (1-34), Equation (1-35) can be written 
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and as              we have  
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or on differentiating and rearranging 
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Similarly, we can write (1-29) using (1-33) as 
   
  
 
 
  
(   )       (1-39) 
Equations (1-38) and (1-39) are the pair of coupled ordinary differential equations 
that are solved in GRAMP. 
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1.7.3 Boundary conditions 
The integration of the balance equations described in Section 1.7.2, that is, two of 
equations (1-27), (1-28) and (1-29), or equations (1-38) and (1-39), starts from the 
onset of annular flow, and continues as far as the dry-out point. 
This requires both that the location of the transition to annular flow be provided, 
and that two initial (boundary) conditions are identified from which to begin the 
integration. 
1.7.3.1 The location of transition to annular flow 
During churn flow there is both upward and downward flow. The flow reversal 
point is the location at which all downward flow ceases, and this point is taken to be 
the transition to annular flow. A simple expression to determine that point is given 
by Wallis (1969): 
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        (1-40) 
where    
  is dimensionless superficial vapour velocity. 
1.7.3.2 The flow quality at the transition to annular flow 
The division of the total flow between liquid and vapour is simply arrived at from a 
heat balance, evaluated progressively along the flow channel by GRAMP. This is 
done from the beginning, where the flow is sub-cooled liquid, passing through the 
earlier flow regimes, and causing the appropriate value then to be available to be 
used as the initial condition for the annular film flow portion of the calculation. 
1.7.3.3 The entrained liquid fraction at the transition to annular flow 
One boundary condition needed is the initial entrained fraction (or equivalently, the 
initial entrained mass flow rate) at the onset of annular flow. In a situation where 
annular flow is created ‘artificially’ in an experiment, especially in adiabatic air 
water experiments, this value is generally known, and is typically either zero or one 
depending upon the method via which liquid flow is injected into the test section. 
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This obviously is not relevant to the conditions at the onset of annular flow during 
boiling. 
In cases where transition to annular flow takes place from churn flow as a result of 
an increase in quality, some other approach is required. In many of the calculations 
described here, a value of 0.7 entrained fraction at the onset of annular flow (unless 
otherwise stated) was assumed and this is consistent with the value used by 
Azzopardi (1996). However, this initial value can be important in some cases and 
new work on improving its prediction was carried out as part of the present study 
and is described in Chapter 2. 
1.7.4 Constitutive relations 
Constitutive relations are required to close the system of balance equations described 
in the previous section. Those needed are the rates of entrainment, deposition and 
evaporation. These relations normally come from empirical or physical models, most 
often based on separate effects experiments. In this section we will discuss the 
various constitutive relations used in GRAMP. 
1.7.4.1 Deposition rate 
Most of the correlations available in literature are based on the assumption that 
droplet deposition on the liquid film is controlled by diffusion processes. In essence, 
there is a net transfer of droplets from regions of high droplet concentration to 
regions of low, carried by turbulent eddies, and where the film itself acts as a sink 
for droplets, which once they impinge on it are absorbed into it. 
A variety of droplet deposition correlations is available in the literature (Hewitt and 
Govan 1990, Sugawara 1990, Kataoka et al. 2000, Okawa et al. 2002). In the present 
work the deposition correlation (see Section 1.5.9.2) of Hewitt and Govan (1990), is 
used due to its wider acceptability and validation.  
85 
1.7.4.2 Entrainment rate 
Droplet entrainment mainly occurs due to the undercutting and break-up of liquid 
from disturbance waves due to the interfacial shear force between the vapour core 
and the annular liquid film (Whalley et al. 1979). As in the case of the deposition 
rate, various entrainment correlations are available in literature (Hewitt and Govan 
1990, Sugawara 1990, Kataoka et al. 2000, Okawa et al. 2002). In the current study the 
entrainment correlation (see section 1.5.9.2) by Govan and Hewitt (1990) is used.  
1.7.4.3 Evaporation rate 
The evaporation of the liquid film is derived with a steady state assumption, that all 
the heat is used to evaporate and no superheating of liquid in the film takes place. 
The rate is given by: 
    
   
   
        (1-41) 
1.7.5 Determination of CHF 
In the prediction of critical heat flux using the GRAMP code, the well-established 
criterion that the film flow rate goes to zero at the CHF location is used. This 
criterion is consistent with experimental measurements of Hewitt (1970) of film flow 
rate and CHF, and is a good approximation in most cases. However, in detail, the 
actual breakdown process may be quite complex with the film breaking down into 
rivulets just before the occurrence of the elevation of temperature characteristic of 
CHF (Hewitt et al. 1965). However, the equivalence of the condition of zero film flow 
rate and CHF has been demonstrated to be a reasonable hypothesis based on the 
experimental evidence. This condition would also correspond to that of a zero film 
thickness, though the measurements have generally concentrated on film flow rate. 
1.8 Thesis Layout 
In Chapter 2, the effect of initial entrained fraction (IEF) at the onset of annular flow, 
on the prediction of CHF or dryout position, is analysed. In order to tackle the 
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problem, a new methodology for calculating entrainment rate in churn flow and 
entrained fraction at the churn-annular transition has been developed.  
Chapter 3 presents an investigation of effect of heat flux on droplet entrainment. 
This question was addressed by simulating various heat flux effect experiments in 
literature, using GRAMP code. The contradiction between two sets of experiment, 
Keeys et al (1970) and Milashenko et al (1989), is highlighted and a possible way 
forward suggested. The study also served as the further validation of the GRAMP 
code in predicting evaporative flows with both uniform and non-uniform axial heat 
flux distribution.  
The improved annular flow dryout model (presented in Chapter 2) is validated 
against experimental and Look up Table data in Chapter 4. Furthermore, to cover the 
whole range of CHF conditions, from low or negative quality to very high quality, 
an improved bubble crowding model based on that of Weisman and Pei 1983 was 
coded and validated against available experimental and Look up table data; this 
work is also described in Chapter 4. The transition between the annular flow dryout 
and bubble crowding models is also explored by comparison with Look up Table 
data is also discussed in Chapter 4.  
Work on the extension of GRAMP code to the post dryout region by inclusion of a 
simple post dryout model is presented in Chapter 5. Results are presented on the 
validation of this model against available experimental data. Finally, the overall 
conclusions and suggestions for possible future research directions are summarized 
in Chapter 6.   
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CHAPTER 2                                                                                
DROPLET ENTRAINMENT IN CHURN FLOW 
Churn flow is an important intermediate flow regime between slug and annular 
flow. In the Taylor bubbles, which are characteristic of slug flow, there is a falling 
film at the tube wall with an upwards gas flow in the core. The transition from slug 
flow to churn flow occurs when the conditions in the Taylor bubbles occurring in 
slug flow are such as to promote flooding (Nicklin and Davidson 1962, McQuillan 
and Whalley 1985 and Hewitt and Jayanti 1992). Churn flow is a region in which 
there are large interfacial waves travelling upwards with falling film regions 
between the waves; the transition to annular flow occurs when the (film) flow 
becomes continuously upwards. In both churn flow and annular flow, a (sometimes 
large) proportion of the liquid flow is in the form of entrained droplets in the gas 
core. In annular flow systems with evaporation, the entrainment of droplets from the 
film surface plus the evaporation of the film may not be sufficiently offset by droplet 
deposition and film dryout occurs.  Dryout can be predicted provided expressions 
can be invoked for local entrainment, deposition and evaporation rates and these 
expressions integrated to establish the conditions under which the film flow rate 
becomes zero (Hewitt and Govan, 1990). This integration procedure needs a 
boundary value for entrained droplet flow rate at the onset of annular flow (i.e. at 
the transition between churn flow and annular flow) and the predictions obtained 
for dryout may be sensitive to this boundary value for short tubes. Some data and a 
correlation for the entrained fraction at the onset of annular flow were obtained by 
Barbosa et al. (2002) but this correlation applies only to adiabatic and equilibrium 
conditions. The work described in this chapter is focused on the question of droplet 
entrainment in churn flow and the development of a methodology for predicting the 
entrained fraction at the onset of annular flow for diabatic (i.e. non-equilibrium) 
systems. New expressions are given which allow the integration procedure to be 
extended to cover both churn flow and annular flow. New experiments were also 
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conducted on the churn-annular region using the axial view photography technique. 
This allowed the entrainment processes to be visualized starting at the onset of 
churn flow and passing into the annular flow regime. 
In what follows, Section 2.1 gives a brief description of previous studies of 
entrainment rate in churn flow and in the churn annular transition region. This is 
followed (Section 2.2) by the demonstration of the effect of initial entrained fraction 
(IEF) at the boundary of churn annular transition, on prediction of dryout position or 
CHF. Sections 2.3 and 2.4 deal with the axial view photography experiments on 
entrainment phenomena in churn flow, churn annular transition and annular flow. 
The derivation of a new correlation for entrainment rate in churn flow and the 
results from the application of this correlation are described in Section 2.5. Finally, in 
section 2.6, an overall summary is given of the work presented in this Chapter. 
2.1 Background Literature 
In gas-liquid mixture flows in vertical pipes, the phases distribute themselves in a 
variety of spatial and temporal distributions, referred to as flow regimes or flow 
patterns. A wide variety of names have been given to these phase distributions; a 
reasonably well accepted set of descriptions for vertical up flow is as follows: bubbly 
flow, slug flow, churn flow and annular flow. These flow regimes and 
corresponding transitions between them are of immense importance in predicting 
the transition of a regime of high heat transfer coefficient to one of greatly reduced 
heat transfer coefficient;   this transition is referred to by a number of names, 
including dryout, critical heat flux (CHF) and boiling crisis. The accurate prediction 
of this transition is of great importance not only in design and safe operation of 
nuclear power plants but also many other types of industrial heat transfer 
equipment. 
Annular film dryout is arguably the most important mechanism for the onset of 
reduced heat transfer coefficient. In annular flows, liquid is lost from the film as a 
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result of droplet entrainment and evaporation, and it is gained by the film by droplet 
deposition; the net result of these processes can be drying out of the liquid film.  In 
the annular flow model, the equations for entrainment, deposition and evaporation 
are integrated from the onset of annular flow (i.e. from the churn-annular transition); 
when the film flow rate is predicted to be zero, then dryout is predicted to occur. 
However, this integration process requires an initial value for entrained fraction 
(IEF) at the churn flow-annular flow transition; the IEF could, in principle vary 
between zero and unity. It was observed that dryout prediction may be a strong 
function of IEF at the onset of annular flow especially at high liquid mass fluxes. In 
order to address the problem of IEF at the churn-annular transition, an 
understanding of droplet entrainment in churn flow is vital. 
As noted by Barbosa et al., (2001b), the word ‘CHURN’ is used by different research 
groups to describe different flow types. Thus, Zuber and Findlay (1965) describe 
churn-turbulent flow as a type of bubble flow whereas Taitel et al. (1980) considered 
it to be a developing slug flow. However, the most widely accepted definition of 
churn flow is that of Hewitt and Hall Taylor (1970) who considered it to be an 
intermediate regime between slug and annular flow. Churn flow occurs due to break 
down of slug flow due to flooding of the liquid film in the Taylor bubble (Nicklin 
and Davidson 1962, McQuillan and Whalley 1985, Hewitt and Jayanti, 1992). It is 
characterized by large interfacial waves with flow reversal between the waves 
(Hewitt et al. 1985). The highly oscillatory liquid film in churn flow is accompanied 
by a continuous gas core containing a considerable amount of entrained liquid. 
Ultimately as the gas flow rises the periodic downward flow of liquid film ceases 
and gives rise to a unidirectional annular flow. This flow reversal point is described 
in terms of dimensionless superficial gas velocity by (Hewitt and Wallis 1963, 
Wallis1969) as: 
   
     √
  
  (     )
          (2-1) 
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Although extensive data for pressure gradient and liquid holdup are available for 
churn flow and the corresponding transition regions (McQuillan and Whalley 1985, 
Govan 1991, Barbosa 2001a), experimental data regarding film thickness and droplet 
entrainment behaviour is quite scarce. This might be due to the reason that 
conventional measurement techniques for film thickness and entrained liquid flow 
in annular flow could not be applied to churn flow due to its chaotic nature. Wallis 
et al. (1962) carried out entrained fraction measurements in the churn and churn-
annular transition region by using a 12.7 mm internal diameter vertical tube fitted 
with single axially located sampling probe. The results, shown in Figure 2-1, 
indicated a considerable amount of liquid entrained as droplets in churn flow; the 
entrained fraction passes through a minimum around the churn-annular transition.         
 
 
Figure 2-1: Variation of entrained fraction with gas velocity (Wallis, 1962). 
Recently, similar experiments encompassing a wider range of liquid flow rates and 
pressure, were carried out by Barbosa et al. (2002) using an isokinetic probe 
technique in a 31.8mm internal diameter and 10.8 meter long vertical tube facility. 
The results are presented in Figure 2-2 and show that the liquid entrained fraction 
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decreases with increasing gas velocity in churn flow, passes through a minimum 
around the transition to annular flow and increases again in the annular flow region. 
It is also worth noting that entrained fraction in these regions is a function of liquid 
mass flux and extrapolation of these results reveals a very high proportion of liquid 
entrained as droplets at the onset of churn flow. Barbosa et al. (2002) proposed the, 
following correlation for IEF at onset of annular flow:  
  (   )             √
    
    
      (2-2) 
 
Figure 2-2: Liquid entrained fraction as a function of the total liquid mass flux: (a) 
p=2.0 bara (b) p=3.6 bara (Barbosa et al. 2002). 
2.2 Demonstration of IEF Problem 
The problem of initial entrained fraction (IEF) input for the annular flow dryout 
model at high mass fluxes is a long standing one. Information on the amount of 
entrained liquid at the transition from churn to annular flow boundary is essential as 
it is the starting point of integration of entrainment/deposition processes in a heated 
channel. In order to demonstrate the problem, the annular film dryout model (as 
described by Hewitt and Govan, 1990 and embodied in the Imperial College 
computer code GRAMP) is applied to the uniform and non-uniform heated tube 
dryout data of Bennett et al. (1967) and Keeys et al. (1971). The results, as indicated 
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in Figure 2-3, confirmed that at medium to high liquid mass fluxes, dryout location 
is a strong function of IEF at onset of annular flow. The analysis also revealed that 
high IEF values, normally in range of 0.65-0.95, are required to predict the dryout 
data at these high liquid flow rates.   
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Figure 2-3: IEF effect on the dryout predictions in (a) uniformly heated tubes 
(Bennett et al. 1967) (b) non-uniformly heated tubes (Keeys et al. 1971). 
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The same phenomena could be demonstrated by investigating the effect of IEF on 
dryout quality, as illustrated in Figure 2-4. At low mass flow rates, the IEF effect is 
minimal but at high flow rates dryout quality increases considerably with increasing 
IEF at onset of annular flow. 
  
  
Figure 2-4: IEF effect on the dryout quality predictions: (a) low liquid mass fluxes (G 
= 380 kg m-2 sec-1) (b) high liquid mass fluxes (G = 3850 kg m-2 sec-1) 
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Also, in the present study, the only available IEF correlation of Barbosa et al. (2002) 
was employed initially in the annular flow dryout model to predict the dryout data. 
The correlation yielded IEF values of 0.2 to 0.3 at the onset of annular flow and these 
values were much lower than the entrained fractions required to fit the dryout data 
for medium and high mass fluxes using the annular flow dryout model.  A major 
problem with the Barbosa et al. (2002) model is that it is essentially for near-
equilibrium flows. However, in heated channels, the flows will not be in 
equilibrium. A “memory” of the high entrained fractions at the onset of churn flow 
will persist since the entrained fraction does not immediately relax to the 
equilibrium values as the churn flow regime is traversed along the channel as a 
result of the increase in quality due to evaporation. What are needed, therefore, are 
local values of  entrainment rate and deposition rate in churn flow so that the same type 
of integration can be carried out in churn flow as is done in the annular flow model 
for annular flow.  
2.3 Axial View Photography Experimental Facility 
In view of importance of flow regimes and corresponding transitions between these 
flow regimes in prediction of the dryout position and post-dryout behaviour, axial 
view photography experiments have been carried out on the LOTUS (LOng TUbe 
System) facility at Imperial College London. This work was carried out in 
collaboration with two other PhD students (Deng Jr Peng and Yujie Zhao).  
The LOTUS system is a vertical air-water two phase facility with a test section 
consisting of a 10.41m long vertical acrylic (Perspex™) tube with an internal 
diameter of 0.032m. Water is supplied from a separation vessel by two pumps with 
1.5kw and 8.0kw power. Air is taken from the Imperial College site mains supply 
and the air-water mixture leaving the test section is separated using a cyclone, with 
the air being discharged to atmosphere and the water being returned to the 
separation vessel. An axial viewer was fitted to the top of the test section; essentially, 
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this consists of a high speed video camera (Olympus i-SPEED 3) which is focussed at 
an illuminated plane at a distance of 470 mm from the end of the tube. The water 
flow is diverted away from the camera window using an arrangement of air jets.  
The camera can then capture events occurring at the tube cross section in the 
illuminated plane. The principle of this method is described, for instance, by Hewitt 
and Whalley (1980). The schematic diagram of LOTUS facility and axial view 
photography setup is shown in Figure 2-5 and Figure 2-6. The test conditions were 
adjusted to cover the churn and annular flow regions and the transition between 
them.  
 
Figure 2-5: Schematic diagram of LOTUS air water facility (Barbosa et al. 2001c) 
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Figure 2-6: Axial view photography setup at LOTUS 
2.4  Experimental Results from Axial View Photography 
Single frames from the axial view videos are shown in Figure 2-7. The visual 
evidence (as exemplified in Figure 2-7) was consistent with isokinetic probe data, of 
Barbosa et al. (2002) (see Figure 2-2); thus, the amount of liquid entrained is high as 
the (chaotic) churn flow regime is entered and it passes through a minimum around 
the churn-annular transition, leading to an increase in entrained fraction with 
increasing gas velocity in annular flow. 
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(a) 
 
 
 
(b) 
 
 
(c) 
Figure 2-7: Axial view photography experiments undertaken at superficial liquid 
velocity     = 0.165 m/s in (a) Churn Flow (   
  = 0.461), (b) Churn-to-Annular Flow 
transition (   
 = 0.968) and (c) Annular Flow (   
 = 1.066). 
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2.5 Entrainment Rate in Churn Flow 
In order to predict the IEF at the onset of annular flow, it is necessary to have a 
model for the churn flow region. Even an approximate model would in principle 
allow the IEF to be predicted accurately enough to give better dryout predictions. In 
the absence of detailed data, it was assumed that the droplet deposition rate in churn 
flow could be predicted from a model identical to that used for annular flow. 
Specifically, the model suggested by Hewitt and Govan (1990) (as given in Chapter 
1, Section 1.5.9.2) is used. Thus, in equilibrium churn flow, it is assumed that:  
              (  )              (2-3) 
For the equilibrium churn flow data, (such as that of Barbosa et al. 2002), the value of 
  (the concentration of drops in the gas core in kg m-3, calculated on the assumption 
of a homogeneous core flow) is known and (  )        can be calculated from the 
equations as given in Chapter 1 (Section 1.5.9.2). Thus, in this way,        can be 
calculated. Since   is higher in churn flow than would be expected in annular flow 
(and increases with decreasing gas flow rate) it follows that        follows a similar 
trend (Figure 2-8). A simple correlation which gives an approximate representation 
of the data calculated for        is as follows:  
      
              
         
           (2-4) 
where                is the value of entrainment rate for annular flow calculated for 
annular flow from the relationships as given in Chapter 1 (Section 1.5.9.2) and for the 
local values of gas and liquid flow rates. Thus, Equation 2.4 is a representation of the 
enhancement of entrainment rate above that for annular flow in the churn flow 
region. The enhancement factor becomes unity at   
   . Predictions from this 
methodology for the range of conditions covered in the experiments of Barbosa et al. 
(2002) are shown in Figure 2-8.  
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Figure 2-8: Entrainment Rate variation in churn and annular flow (a) p = 2 bara (b) p 
= 3.5 bara (c) p = 5 bara (d) Liquid Mass Flux = 215 kg m2 sec-1 
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Using the correlation for enhanced entrainment rate in churn flow (and retaining the 
same correlation for deposition rate as for annular flow) allows the entrained 
fraction to be calculated as a function of local quality for a uniform heat flux as 
shown in Figure 2-9. Dryout is predicted to occur when the entrained fraction 
reaches unity. As will be seen from these results, the entrained fraction at the onset 
of annular flow depends on the heat flux (i.e. on the rate at which the churn flow 
region is traversed). The higher the heat flux, the higher the entrained fraction at the 
onset of annular flow.  
 
Figure 2-9: Churn flow methodology (G = 654 kg m-2 sec-1) 
In order to test the proposed methodology including the prediction of the entrained 
fraction at the onset of annular flow, predictions were made of dryout data for 
uniformly and non-uniformly heated tubes (Bennett et al. 1967, Keeys et al. 1971) 
with the entrained fraction at the start of churn flow chosen to be 0.9. The 
predictions, as indicated in Figure 2-10, of dryout data are encouraging i.e. within ± 
20%.  
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Figure 2-10: Prediction of dryout data (IEF for churn flow = 0.9) 
The choice of a somewhat arbitrary value of the initial entrained fraction at the onset 
of churn flow is an obvious limitation of the model (though the high value of 0.9 
chosen is qualitatively consistent with the observations). This is an area where some 
further study would be beneficial. Nevertheless, the application of the non-
equilibrium model to the churn flow region does lead to a consistent prediction of 
the entrained fraction at the onset of annular flow and to significant improvement of 
the prediction of dryout using the annular flow model.  
In order to validate the application of the proposed churn flow methodology, the 
churn flow model was incorporated into the GRAMP code and predictions made of 
the CHF (dryout) data of Bennett et al. (1965) were made. The results, as shown in 
Figure 2-11, are quite encouraging over the typical range of mass fluxes for nuclear 
reactors. 
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Figure 2-11: CHF predictions at 70 bar, in a 12.6mm dia, 2.75m long vertical heated 
tube 
A more detailed validation of the proposed methodology is presented in Chapter 4, 
where it is tested against wider range of physical parameters leading to dryout 
scenarios. Also, the methodology has been compared with the Look Up Tables 
described in Chapter 1; this comparison yielded improved results, especially at high 
mass fluxes and comparatively low dryout qualities. 
2.6 Summary 
In this chapter, the behaviour of droplet entrainment in churn flow is analysed with 
particular reference to the prediction of the value of entrained fraction at the start of 
annular flow.  For this purpose, a new equation for entrainment rate in churn flow is 
proposed, which allows the dryout model to start integration of entrainment and 
deposition processes from the start of churn flow rather than the start of annular 
flow. The prediction of dryout location, for both uniform and non-uniform heated 
tubes cases, by employing the new proposed methodology led to improved results 
i.e. within ± 20%.  
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CHAPTER 3                                                                                             
HEAT FLUX EFFECT ON DROPLET ENTRAINMENT 
Annular film dryout depends upon the competition of entrainment, deposition and 
evaporation processes between the droplet-laden core and wall liquid film. The 
objective of this chapter is twofold. The main objective of this chapter is to highlight 
and address the contradiction between two earlier sets of experiments, carried out to 
quantify the effect of heat flux on droplet entrainment rate in heated annular flows; 
these experiments were conducted at the Harwell Laboratory (UK) and in Russia 
respectively. A second objective was to use these experiments, together with other 
experiments, to provide further validation of the modelling capabilities of the 
GRAMP code as described in Chapter 1. In the work described in this chapter, the 
effect of heat flux on droplet entrainment is analyzed by modelling different low and 
high pressure diabatic (heated) annular flow experiments numerically using an 
annular film dryout model (AFM) as embodied in GRAMP code. Overall, the 
GRAMP code predicted the experimental data reasonably accurately.  
In what follows below, Section 3.1 gives a brief description of the background 
literature highlighting the contradictory points of view regarding the effect of heat 
flux on entrainment rate, especially at high pressure. Section 3.2 describes the details 
of experiments carried out to quantify the effect of heat flux on entrainment. These 
experiments are classified mainly into two categories of low pressure (Section 3.2.1) 
and high pressure (Section 3.2.2) experiments. The results of simulation and analysis 
of these experiments by using GRAMP code is provided in Section 3.3. Section 3.4 
deals with the possible explanation of the controversy between Keeys et al. (1970) 
and Milashenko et al. (1989) measurements, whereas overall conclusions are 
summarized in Section 3.5.  
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3.1 Background Literature 
The rate of droplet entrainment in annular flow strongly affects not only the position 
of dryout but also the heat transfer in post-dryout region. In the annular flow dryout 
model (AFM), first presented by Whalley et al. (1974) and improved by Hewitt and 
Govan (1990), the occurrence of dryout depends upon the competition between 
entrainment, deposition and evaporation. Thus, in such modelling, reliable 
equations are required for entrainment and deposition rates. This requirement also 
applies to multi fluid models such as those of Sugawara (1990) and Alipchenkov et 
al. (2004). Due to the importance of entrainment and deposition processes in 
predicting dryout, extensive studies have been carried out in last four decades aimed 
at developing reliable correlations (Hewitt et al. 1990, Kataoka et al. 2000, Okawa et 
al. 2002).  
Droplets can be entrained to gas core in different ways, which depend upon the 
force acting on the wave crests and the shape of interface. Based on the experimental 
results, the entrainment mechanisms in concurrent two-phase flow were divided 
into four basic types by Ishii and Grolmes (1975) (Figure 3-1): 
 
Figure 3-1: Different types of entrainment mechanism (Ishii et al. 1975) 
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In general, these four types do not exist in isolation, but act together in affecting the 
mass and momentum transfer between liquid and gas phase. Droplet entrainment in 
adiabatic systems is generally considered to be mainly due to shearing off of roll 
waves. However, there may be additional effects on net entrainment/deposition rate 
in diabatic (heated) systems which arise directly from the effect of heat flux. The 
effect of heat flux on net entrainment rate could be exerted in two ways: 
1. At given local conditions, the higher the heat flux the greater will be the 
chances of nucleate boiling in the liquid film. In such a situation, bubbles 
formed at the wall will eventually burst through the liquid-vapour interface, 
carrying a small cloud of liquid droplets into the gas core, hence increasing 
the overall local entrainment rate.  
2. The evaporation process causes a flux of vapour into the gas core which may 
inhibit deposition of droplets and thus increase the net entrainment rate. 
The issue of the effect of heat flux on entrainment is still to be resolved. Early 
experiments from Hewitt and Pulling (1969), Bennett et al. (1966) and Keeys et al. 
(1970) suggested that heat flux effect on droplet entrainment is minimal. However, 
Ueda et al. (1981) studied the entrainment due to bubble bursting in boiling of a 
falling liquid film. In their experiments, the film was uniformly heated film and they 
suggested the following correlation for boiling entrainment.
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The empirical coefficient     is fluid-dependent and for water its recommended 
value is 4.77 x 102. However, it should be stressed that the case studied (a film falling 
under gravity) may be different to the case of an annular flow with a highly sheared 
film.  
However, later experimental studies by Milashenko et al. (1989) suggested that effect 
of heat flux, in high pressure diabatic (heated) annular flows, is quite considerable. 
More recently, Peng (2008) concluded that heat flux effect on entrainment rate 
107 
depends on the competition between the decrease of interfacial shear stress due to 
evaporation flux and the rate of bubble emission. In low flow conditions the effect of 
bubble entrainment is dominant so that net entrainment increases; however, at high 
flows the trend may reverse. Peng (2008) gave the following constitutive equations 
for entrainment and deposition:          
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where the superscripts ‘’and ‘ represent the lower and upper boundaries of limiting 
quality region, respectively. The main problem with these equations is that they 
were only validated by comparing CHF data with an annular flow dryout model 
incorporating above equations i.e. there was no direct comparison with deposition or 
entrainment rate in adiabatic annular flows.  
It is worth noting that throughout this chapter the simple AFM, as embodied in 
GRAMP, with an initial entrained fraction of 0.7 is used. The churn flow modelling 
as presented in Chapter 2 was not used in this study of heat flux effects.  
3.2 Heat Flux Effect Experiments 
In the present study, several different experiments, relating to the heat flux effect on 
entrainment rate in annular flow have been analyzed by using annular flow dryout 
model (AFM). The ranges of physical parameters for these experiments are given in 
Table 3-1. These experimental studies could be broadly divided into two categories 
i.e. low pressure and high pressure.  
3.2.1 Low pressure heat flux effect experiments 
At low pressures, Hewitt and Pulling (1969) determined the film flow rate and 
entrained flow rate at the exit of the electrically heated tube by controlling the mass 
flow rate and temperature at the entrance of tube. The heat flux effect on entrained 
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droplet flow was determined by fixing the three selected heated lengths (0.91, 1.37 
and 1.52 m) of the tube followed by an unheated part. In each case, the film flow rate 
and corresponding entrained flow rate at different positions in unheated zone was 
measured by sucking off the film. 
 In another similar study by Bennett et al. (1966), a two foot (0.61 m) unheated zone 
(“cold patch”) was introduced at different positions of the heated tube and 
corresponding film flow rate and entrained droplet flow rate were measured 
especially at the start and end of the cold patch. 
3.2.2 High pressure heat flux experiments 
At high pressures, Keeys et al. (1970) carried out similar sort of measurements as 
that of Hewitt and Pulling (1969). By fixing the heated length, they measured the 
film flow rate and entrained droplet flow rate at different positions along the 
unheated part of the tube. They concluded the local heat flux effect on entrainment 
flow rate to be small as net entrained droplet flow rate remained almost constant 
after achieving equilibrium in first part of the tube. Bennett et al. (1966) also carried 
out cold patch experiments at high pressure i.e. 70 bar but in this case only the effect 
of cold patch position on burnout power was investigated (i.e. there were no 
associated film flow rate measurements). 
In 1989, Milashenko et al. (1989) obtained somewhat contradictory results to those of 
Keeys et al. (1970). They introduced the 15cm heated zone (“hot patch”) at the end of 
1.8m long tube carrying adiabatic steam water annular flow. The length of hot patch 
chosen to be small to minimize the effect of quality change along the length and also 
the quality at the inlet of heated region was selected to be in the region where there 
is only a small rate of variation of entrainment rate with quality. The results 
indicated that an increase in heat flux to the hot patch increases the entrainment rate 
considerably and Milashenko et al. (1989) correlated this effect as:                   
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Table 3-1: Experimental measurements for heat flux effect on entrainment. 
Experiment p G d L 
Sub-
cooling 
q’’ 
 MPa Kg m-2 sec-1 mm m K MW m-2 
Hewitt and Pulling 
(1969) 
0.307 297.0 9.3 1.83 30.0 0.65 
Bennett et al. (1966) 
(Low pressure) 
0.307 297.0 9.3 1.8 & 2.4 30.0 0.61 & 0.67 
Bennett et al. (1966) 
(High pressure) 
6.89 
1356 & 
2712 
12.6 4.27 30.0 1.1-1.6 
Keeys et al. (1970) 6.89 
1360 & 
2040 
12.7 3.66 30.0 0.97-1.2 
Milashenko et al. 
(1989) 
3.0-
10.0 
1000-3000 13.1 1.95 3-10 0.15-5.0 
3.3 GRAMP Simulation Results 
In order to systematically evaluate the effects of heat flux on entrainment rate, five 
sets of data were compared with the predictions of the AFM as embodied in the 
GRAMP code. These were the low pressure discontinued heat flux experiments of 
Hewitt and Pulling (1969), the low pressure “cold patch” experiments of Bennett et 
al. (1966),  the high pressure discontinued heat flux experiments of Keeys et al. 
(1970), the high pressure “cold patch” experiments of Bennett et al. (1966) and the 
experiments of Milashenko et al. (1989).  
3.3.1 Low pressure discontinued heat flux experiments of Hewitt and Pulling (1969) 
These experiments were carried out using a vertical 9.30 mm internal diameter tube 
fed with water at 111.1 0C, at a pressure of 3.77 bara and at a mass flux of 297 kg m-2 
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sec-1. The heat flux was set at 653 kW m-2, the flux required to give dryout at the 
specified flow conditions at the end of a heated length of 1.83 m. Heated lengths of 
0.91, 1.37 and 1.68 m respectively were used and the film flow rate was measured as 
a function of length both in the heated zone and in the unheated zone downstream 
of the heated zone. The heated lengths were chosen such that, in the heated tube, 
there was net entrainment, approximate equilibrium and net deposition respectively.  
The experimental data are compared in Figure 3-2 to the predictions using the 
annular flow model (AFM) as embodied in the GRAMP code. In this code, the 
entrainment and deposition correlations of Govan (1990) are used which do not 
incorporate the effect of heat flux. Consistent predictions were obtained with the 
absolute values of entrained mass flux being predicted reasonably well as were the 
changes occurring between the heated and non-heated zones. The important finding 
from these results is that, at the transition between the heated and unheated zones, 
there is no change in the rate at which the entrained liquid flow rate changes with 
length. This demonstrates that there is no direct influence of heat flux on 
entrainment/deposition rates. Of course, further into the unheated zone, changes 
may occur in the entrained flow rate depending on its value relative to the 
equilibrium situation in which deposition and entrainment rates are equal. Though 
these data provide convincing evidence that there are no significant heat flux effects 
on entrainment/deposition in the region studied, it should be born in mind that the 
experiments were carried out at relatively low pressure where the Milashenko et al. 
(1989) correlation would indicate only a small effect of heat flux.  
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Figure 3-2: AFM prediction of low pressure entrained mass flux data of Hewitt and 
Pulling (1969). (a) Heated length = 0.91m (b) Heated length = 1.37m (c) Heated length 
= 1.52m 
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3.3.2 Low pressure cold patch experiments of Bennett et al. (1966) 
As in the case of the Hewitt and Pulling (1969) discontinued heat flux experiments 
described in Section 3.3.1 above, the low pressure “cold patch” experiments of 
Bennett et al. (1966) were carried out in a vertical 9.30 mm internal diameter pipe 
with water entering the pipe at a pressure of 3.77 bara, a temperature of 111.1 0C and 
a mass flux of 297 kg m-2 sec-1. Experiments were carried out on uniformly heated 
tubes of 1.83 and 2.44 m heated length and with two 2.44 m long heated tubes which 
had 0.616 m long unheated zones (“cold patches”) starting at 1.067 m and 1.524 m 
from the start of the heated length respectively. The film flow rate and thus the 
entrained liquid flow rate was measured along the length of the tube in the 
respective cases. The heat flux was adjusted in each case so that dryout occurred at 
the end of the tube.  
The GRAMP (AFM) predictions for the two “cold patch” experiments are shown in 
Figure 3-3 and Figure 3-4 expressed in terms of entrained droplet flow and film flow 
respectively. The experimental data are also given in these figures. As will be seen, 
the annular flow model gives very good predictions of these two cases; in the first 
case, the “cold patch” is in the region where net entrainment is occurring (i.e. the 
entrained flux is shifting upwards towards the equilibrium value) and in the second 
case, the “cold patch” is in a region where the entrained fraction decreasing towards 
the equilibrium line. So the success in modelling these low pressure cold patch 
experiments with the annular flow model (AFM) is indicative of the fact that at low 
pressures the heat flux effect on net entrainment is minimal.  
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Figure 3-3: Entrainment mass flux (a) Cold patch = 1.067-1.676m (b) Cold patch = 
1.524-2.286m (low pressure cold patch experiments of Bennett et al. 1966). 
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Figure 3-4: Liquid film mass flux (a) Cold patch = 1.067-1.676m (b) Cold patch = 
1.524-2.286m (low pressure cold patch experiments of Bennett et al. 1966). 
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3.3.3 High pressure experiments of Keeys et al. (1970) 
From Sections 3.3.1 and 3.3.2, it will be seen that convincing evidence has been 
obtained that direct heat flux effects on entrainment/deposition rates are small at low 
pressure. Thus, the annular flow model (AFM) can be used, for these cases, to 
predict complex effects of heat flux distribution without taking account of direct heat 
flux effects. However, there is some indication from the work of Milashenko et al. 
(1989) (see below) that such direct heat flux effects become more significant at high 
pressure. It was important, therefore, to analyse some high pressure discontinued 
heat flux experiments reported by Keeys et al. (1970). These experiments were 
similar in principle to the low pressure experiments of Hewitt and Pulling (1969) 
discussed in Section 3.3.1 above, except that they were carried out at high pressure 
(68.9 bar) and much higher mass fluxes (1360 and 2040 kg m-2 sec-1). The tube 
diameter was 12.7 mm. The total length of the tube was 3.66 m and the first part (2.74 
m long) was heated. The remaining 0.915 m of the tube was unheated. The 
procedure was to measure the film flow rate as a function of distance along the tube 
and (as in the Hewitt and Pulling, 1969 experiments) to examine the data for 
entrained flow rate (total liquid flow rate minus film flow rate) as a function of 
distance and specifically to observe any changes in the rate of change of entrained 
flow rate with length as the flow passed from the heated to the unheated zone.   The 
results from these experiments are shown in Figure 3-5 and it will be seen that there 
is no apparent change in the rate of change of entrained flow rate with length as the flow 
passes from the heated to the unheated zone. This implies that there is no direct effect of 
heat flux on entrainment/deposition rate, even under these high pressure conditions. 
In the present work, the AFM model (which does not include a direct effect of heat 
flux) was used to predict the Keeys et al. (1970) data. As is seen in Figure 3-5, the 
AFM model predicts the measured entrained flow results quite accurately (within ± 
5%). It is also interesting to predict the entrained flow rate using the correlation of 
Milashenko et al. (1989) which includes a direct heat flux effect. This correlation was 
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embodied into the GRAMP-AFM code and the predicted results are shown in Figure 
3-5. As will be seen, entrained flow rates are predicted which are much higher in the 
heated zone (consistent with the included direct heat flux effect) but which relax 
towards the experimental data in the unheated zone (consistent with the fact that 
that the conditions of the experiment are close to those for hydrodynamic 
equilibrium).  
As will be seen, the results obtained by Keeys et al. (1970) are consistent with an 
assumption that the direct effect of heat flux on entrainment/deposition is small, 
even at high pressure, and are contrary to the findings from the work of Milashenko 
et al. (1989) that such a heat flux effect would be significant.  
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Figure 3-5: Heat flux influence on entrainment mass flux at 6.89MPa compared with 
experimental data of Keeys et al. (1970). 
3.3.4  High pressure cold patch experiments of Bennett et al. (1966) 
The high pressure “cold patch” data obtained by Bennett et al. (1966) were similar in 
nature to the low pressure cold patch experiments as discussed in Section 3.3.2 
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above. In the Bennett et al. (1966) report, experiments are described on the effect of 
cold patches on dryout heat flux both at high pressure and low pressure. Though 
there were no film flow measurements associated with the high pressure cold patch 
data reported by Bennett et al. (1966) it is useful to analyse this data using the 
phenomenological models incorporated in the GRAMP code to gain further 
confirmation that good predictions of high pressure data can be obtained without  
taking account of direct heat flux effects.  
Data obtained from the Bennett et al. (1966) high pressure cold patch experiments 
are shown in Figure 3-6. In the experiments (carried out at 68.9 bar outlet pressure) a 
12.62 mm diameter, 4.27 m long tube with a 0.61 m “cold patch” was used. The start 
of the cold patch was arranged to be at positions ranging from 0.61 to 3.35 m from 
the start of the heated length. Figure 3-6 shows how the burnout power varied with 
the position of the cold patch for an inlet subcooling of 30.60C.   For a mass flux of 
1356 kg m-2 sec-1, the burnout power for a uniformly heated tube of the heated length 
(3.66 m) was 162 kW and the burnout power for a uniformly heated tube of the total 
length (4.27 m) was 164 kW.  For a mass flux of 2712 kg m-2 sec-1, the burnout power 
for a uniformly heated tube of the heated length (3.66 m) was 216 kW and the 
burnout power for a uniformly heated tube of the total length (4.27 m) was 227 kW. 
The extraordinary result from these cold patch experiments is that, when the cold 
patch is moved towards the end of the tube, the burnout power can exceed that for a 
uniformly heated tube of the same total length. This is certainly not predictable by 
conventional methods (flux/quality or quality/boiling length correlations, for 
example). However, the results can be predicted by a phenomenological annular 
flow dryout model. Shown on Figure 3-6 are the predictions from GRAMP-AFM for 
this data. The model was able to predict the main qualitative features of the results 
and the quantitative accuracy was also very satisfactory (within ± 6%). Had a heat 
flux effect of the type suggested by Milashenko et al. (1989) been included in the 
model, then the predictions would most likely have been worse. The results obtained 
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for the prediction of these experiments lend support to the conclusion that the direct 
heat flux effects are small.  
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Figure 3-6: Cold patch experiments at 70 bar (Bennett et al. 1966). 
3.3.5 Analysis of experiments of Milashenko et al. (1989) 
From the above discussion, it is clear that the experiments of Milashenko et al. 
(1989), which suggest a strong direct influence of heat flux on 
entrainment/deposition are in contradiction of the findings from the present work 
(and particularly the results obtained by Keeys et al. (1970). The experiments of 
Milashenko et al were designed so that the local conditions at the start of their “hot 
patch” were close to the equilibrium curve at which entrainment and deposition are 
equal and opposite. In Figure 3-7, the equilibrium curves predicted by GRAMP-AFM 
and measured by  Nigmatulin et al. (1976) are shown; these curves are in reasonable 
agreement, , though the peak predicted by GRAMP-AFM is at a quality 0.35 rather 
than the value of 0.3 as shown by the experimental data. The Milashenko et al hot 
patch experiments are also plotted on Figure 3-7; as will be seen, the entrained 
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droplet flow rate increases with heat flux and there is also a shift in quality 
corresponding to the heat added in the “hot patch”. Predictions for the conditions of 
these experiments were made using relationships embodied in the GRAMP-AFM 
code and are plotted in Figure 3-7 (and in the corresponding plot for film flow rate – 
Figure 3-8) as follows: 
1. The standard version of GRAMP-AFM with no direct heat flux effect was 
used and predicted little change in entrained droplet flow rate with quality in 
the range studied as might be expected. 
2. The correlation of Milashenko et al was embodied into GRAMP-AFM and 
gave good predictions of the experimental data; this is not unexpected since 
the correlation is based on the data!  
3. Adding the correlations of Govan (see Hewitt and Govan, 1990) for 
entrainment and deposition to the heat-flux-affected correlation of 
Milashenko et al gave an over-prediction of the entrained flow rate.  
4. Combining the correlations of Govan and Ueda gave an over-prediction of 
entrained flow rate.  
This analysis confirms the anomalous nature of the Milashenko et al data and 
correlation. As will be seen from the previous sections, good predictions are 
obtained for a wide range of data without the inclusion of a direct heat flux effect. 
The Milashenko correlation (as embodied in GRAMP-AFM) was applied to predict 
the dryout data of Bennett et al. (1967). At high mass fluxes and heat fluxes, the 
correlation predicts dryout far upstream of actual dryout point; this is consistent 
with an overprediction of the entrainment rate. This anomaly should be explored in 
more detail in further work. 
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Figure 3-7: Effect of heated length on relative droplet entrained flow rate at 7MPa. 
(In each line marker represent 0.5, 1, 2, 3, 4, 5 MW m-2) 
 
 
Figure 3-8: Effect of heated length on relative liquid film flow rate at 7MPa. (In each 
line marker represent 0.5, 1, 2, 3, 4, 5 MW m-2) 
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3.4 Possible Explanation of the Controversy 
In the experiments of both Keeys et al. (1970) and Milashenko et al. (1989), the 
methods used for film flow measurement was the porous wall extraction technique. 
In this technique, water film flow rate is measured by extracting the film through a 
length of porous sinter tube of the same internal diameter as that of test section. A 
mixture of steam and water is extracted through this porous wall section and the 
steam and water content of this extract stream is determined calorimetrically. Due to 
the presence of disturbance waves in the film, the film flow rate is unsteady. To 
determine the correct film flow rate (including that part of the flow rate associated 
with the disturbance waves), it is necessary to remove all of the wave content by the 
end of the porous sinter section. This implies that periods exist between the waves 
when steam is extracted through the sinter section. To determine whether all the film 
has been extracted, the liquid take off rate (LTO) is plotted against the gas take off 
rate (GTO) as illustrated schematically in Fig 3-9. The film flow rate (where all the 
disturbance waves have been collected) corresponds to the value of LTO at the 
plateau region in Figure 3-9 where LTO becomes independent of GTO. This 
methodology has been widely used in film flow rate measurement for both adiabatic 
and diabatic (heated) systems and its validity confirmed; specifically, it was the 
technique used by Keeys et al. (1970) and their measurements are thus believed to be 
correct. The question then arises about the validity of the film flow rate 
measurements of Milashenko et al. (1989) which led to the conclusion that there is a 
specific heat flux effect on entrainment/deposition rate. Close examination of the 
methodology used by Milashenko et al shows that the interpretation of the film 
extraction data is subtly different in their case.  They assumed that the actual film 
flow rate was obtained by extrapolation of the linear section of      (   ) to 
      (see Figure 3-9). This methodology takes no account of the real (disturbed) 
nature of the film flow and likely to be incorrect. Furthermore, the extrapolated 
values are likely to be influenced by heat flux since they would reflect vapour 
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generation in the liquid film upstream of the porous wall section. We may conclude, 
therefore, that the Milashenko et al. (1989) results are of doubtful validity and that 
there is little direct effect of heat flux as indicated by the experiments of Keeys et al. 
(1970).  
 
 
Figure 3-9: Possible explanation of difference between film flow rate measurement in 
Keeys and Milashenko measurements. 
3.5 Summary 
Overall, AFM gives reasonable predictions of the overall entrainment and film flow 
rate in heated annular flows. Reviewing available experimental studies it can be 
concluded that there is minimal effect of heat flux on net entrainment at low 
pressure but for high pressure there is a difficulty due to the contradictory results of 
the Keeys et al. (1970)  and Milashenko et al. (1989).  However, based on predictions 
of high pressure data, it can be concluded that better results are obtained by not 
including the direct heat flux effect. Adopting this approach still leaves the 
requirement for an explanation of the Milashenko et al results: we conclude that 
these results are invalid due to the use of an incorrect method of film flow 
measurement. 
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CHAPTER 4                                                                                       
CHF PREDICTIONS USING PHENOMENOLOGICAL 
MODELS 
After the general introduction given in Chapter 1, Chapter 2 of this thesis dealt with 
churn flow and specifically how the churn flow regime could be incorporated into 
phenomenological models of CHF by allowing a prediction of the entrained droplet 
fraction at the onset of annular flow. In Chapter 3, the effects of heat flux on 
entrainment/deposition rate were considered and it was concluded that (though 
more work is needed in this area) there was no case for including direct heat flux 
effects in phenomenological modelling of CHF in the annular flow region. With 
these findings as a background, extensive work has been done on comparison of 
phenomenological models for CHF with published data and this work is presented 
in this Chapter. 
The mechanism of the transition from a high heat transfer coefficient regime to one 
of greatly reduced coefficient (“dryout”, “burnout”, “boiling crisis” or “critical heat 
flux (CHF)”) is closely related to the flow pattern existing at its occurrence. 
Generally, as discussed in Chapter 1, depending upon local void distributions or 
quality, the transition mechanism can be divided into two broad categories i.e. those 
associated with subcooled or low quality conditions and those associated with the 
drying out of a liquid film in annular flows occurring at higher quality. The work 
described in this chapter is focused on characterization of CHF data on the basis of a 
flow regime map, with particular emphasis on application of specific 
phenomenological models to predict CHF. For this purpose an annular film dryout 
model (Hewitt and Govan, 1990) with the improvements discussed in Chapter 2 (as 
embodied in the GRAMP code) is selected to predict the CHF (dryout) in tubes with 
uniform and non-uniform heating conditions. Similarly, to cover subcooled or low 
quality conditions, a bubble crowding model (Weisman and Pei 1983) is used to 
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predict CHF (DNB) in uniformly heated tubes. The predictions are compared with 
CHF data obtained from the “Look Up Table” (LUT) of Groeneveld et al. (2007) for a 
range of pressures, mass fluxes and quality values. Also, the above mentioned 
improved models are validated against the experimental data from various sources. 
In the end, in order to cover the whole range, from subcooled or low quality to 
higher qualities (up to unity), the combined predictions of two phenomenological 
models are compared with LUT CHF data and a possible transition point in terms of 
quality is discussed. 
In what follows below, Section 4.1 provides a brief overview of background 
literature. In Section 4.2 LUT data conditions are plotted by using Hewitt and 
Roberts (1969) flow regime and various trends of CHF data are highlighted. The 
predictions of two phenomenological models (annular film dryout and bubble 
crowding) are compared with LUT CHF data and validated against the available 
CHF experimental data in Section 4.3 and 4.4 respectively. The prediction of 
combined model with possible transition between them is described in Section 4.5. 
Some overall conclusions are presented in Section 4.6. 
4.1 Background Literature 
In a nuclear reactor, the power generated is often limited by the value (CHF) at 
which the rod surface is no longer wetted by the boiling liquid and, at this point, the 
heat transfer coefficient decreases dramatically leading to a clad surface temperature 
excursion. Thus, accurate prediction of CHF has been recognized as being 
particularly important in design and safe operation of nuclear power plants; it is also 
of significance in many other types of heat transfer equipment. 
Due to the complexity of the CHF phenomenon complete clarification has not yet 
been achieved on the mechanisms of CHF and, after more than half century of 
research, anomalies and concerns regarding prediction of CHF still prevail. The 
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history of CHF prediction methods dates back to early 1950s a large increase in the 
rate of construction of nuclear reactors in 1960s caused an increased interest in the 
CHF phenomenon and a consequent increase in the research in this area.  As a result, 
the total number of empirical correlations for the prediction of CHF just for tubular 
geometries already exceeds well over 1000. One of the most important issues 
regarding these CHF prediction methods is their limited range of validity; no single 
correlation or equation can cover the full range of occurrence of CHF. This 
sometimes leads to the application of these correlations to the ranges of flow 
conditions where no data is available (Groeneveld, 2011).    
For the effective prediction of the CHF in different applications, the study of its 
dependence on the various flow regimes is important. Various phenomenological 
models of CHF had been put forward for the prediction of CHF depending upon 
specific two phase flow patterns in which it occurs, i.e. bubble, slug, churn or 
annular flow (Weisman and Pei 1983, Lee and Mudawar 1988, Whalley et al. 1974, 
Hewitt and Govan 1990). Amongst the postulated regime-based mechanisms, bubble 
crowding near wall in the subcooled and low quality bubble flow regions and film 
dryout in annular flow are of particular interest due to their wider range of 
application. In subcooled and bubbly flows, at high mass fluxes or low qualities, 
CHF is considered to be associated with high concentration of vapour bubbles near 
the wall leading to formation of vapour film. Weisman and Pei (1983) suggested that 
critical heat flux occurs when the rate of bubble production at the wall is greater than 
the rate of their removal away from the wall.  
At high qualities or lower mass fluxes, the flow pattern will probably be annular 
flow and critical heat flux has been shown by Hewitt et al. (1970) to be linked to the 
dryout of the liquid film flowing along the walls. The processes in the annular flow 
case were first modelled by Whalley et al. (1974) who took into account atomisation 
(entrainment) of drops and evaporation from the wall film and re-deposition of 
drops back onto the film. This was quite successful at predicting the critical heat 
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flux. This model was extended by Hewitt and Govan (1990) who developed 
improved descriptions for entrainment and deposition.  
Lately, in order to simplify the choice of CHF prediction method, the CHF look up 
table (LUT) was developed.  The LUT was originally developed by Russian 
investigators (Doroshchuk et al. 1975). Groeneveld et al. (1986) extended the LUT 
method of CHF prediction and their 1986 table was widely adopted for safety 
analysis of nuclear reactors in many best-estimate thermal hydraulic analysis codes 
such as RELAP5, CATHARE, CATHENA, TRACE etc. This reflected its wide 
applicability range, accuracy, and simplicity in use. The 1995 CHF LUT (Groeneveld 
et al. 1996) was based on 22,946 data points from the combined AECL-IPPE data 
base. More recently CHF LUT is further improved in 2006 by increasing the number 
of data points and addressing the concerns with respect to previous CHF look up 
tables (Groeneveld et al. 2007). The table is based on the local condition hypothesis, 
where CHF is assumed to be a function of pressure, mass flux, quality and tube 
diameter for tubes having a large heated length to diameter ratio. The LUT provides 
CHF values for 8 mm tubes at discrete values of pressure, mass flux, and critical 
quality. Correction factors have been suggested to extrapolate the LUT to other tube 
diameters and to non-uniform axial heat flux profiles. The LUT correlation has also 
extended to rod bundle geometries (as in nuclear fuel elements) including the effect 
of spacer grids. 
Flow regime maps are quite important in analysis and development of CHF 
prediction models. Overall, a flow pattern map is two-dimensional plot showing 
transition boundaries between flow regimes. In literature, various flow regime maps 
suggesting transition criteria between different flow regimes are available (Hewitt 
and Roberts 1969, Taitel et al. 1980, Mishima and Ishii 1984). Chandraker et al. (2008) 
investigated the dependence of CHF on the flow regime maps by using the 1995 
CHF LUT database. They analysed the various flow regime associated with different 
CHF values given in the LUT by using the Taitel et al. (1980) flow regime map, 
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which indicated that more than 50% of CHF values in the LUT correspond to 
annular flow. 
4.2 LUT Data on Flow Regime Maps 
In vertical flow of gas-liquid mixtures, phases distribute themselves in a variety of 
spatial and temporal distributions, referred to as flow regimes or flow patterns. As 
discussed in Chapter 1, a reasonably well accepted set of descriptions for vertical up-
flow is as follows: bubbly flow, slug flow, churn flow and annular flow. The annular 
flow region may be subdivided into two regions, namely annular flow and wispy 
annular flow. In the latter regime, agglomeration of the entrained liquid into larger 
elements (“wisps”) is likely to occur.  These flow regimes and the corresponding 
transitions between them are of immense importance in predicting the transition of a 
regime of high heat transfer coefficient to one of greatly reduced heat transfer 
coefficient (i.e. CHF).  
Many two phase flow regime maps have been proposed, mainly denoting the 
transition boundaries between different flow patterns in two dimensional 
coordinates. Many of these maps, specific to the channel geometry and the fluid pair 
(e.g. air and water), are being used. In this work, the flow regime map of Hewitt & 
Roberts (1969) is used, which proposes transition boundaries in terms of 
dimensional coordinates i.e. superficial momentum fluxes (     
  and      
 ); this 
map covers a range of fluid pairs and a range of tube diameters. 
Figure 4-1 and Figure 4-2 show plots on the Hewitt and Roberts map of the locus of 
CHF values obtained from the LUT at 70 and 160 bar (BWR and PWR operating 
conditions respectively). The lines obtained from the LUT are for constant quality 
( ). Each line indicates the locus of gas momentum flux (as a function of liquid 
momentum flux) above which CHF would occur.  The plots suggest that, in most of 
cases, the regime associated with CHF is annular or wispy annular flow. Especially, 
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at high quality (above 10%), annular flow prevails even at low mass flow rates 
(above 300 kg m-2 sec-1). As we move towards low operating quality (less than 10%), 
the annular or wispy annular flow exists only at high mass fluxes (above 2000 
kgm-2sec-1). It is also evident at very low quality or for negative quality; the regime 
associated with CHF will be bubble flow even at very high mass flow rates. 
At conditions related to BWR’s, i.e. typically 70 bar, mass flux in excess of 1000 
kgm-2sec-1 and quality above 10%, all points lie in annular or wispy annular flow 
which is evident of the fact that main mechanism of CHF (dryout) in BWR’s is 
annular film dryout. Whereas in case of PWR’s (Pressure 155 bar, Mass flux in excess 
of 2000 kgm-2sec-1, very low or negative qualities), the local CHF mechanism will 
tend to be departure from nucleate boiling (DNB) as most of the points lie in slug or 
bubble flow region. However, if the cause of CHF is a run-down of the flow, then 
annular flow may prevail. Moreover, even at 160 bar, annular flow prevails at high 
values of mass flow rate for a wide range of qualities.  
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Figure 4-1: CHF data for 70 bar pressure obtained from the Look Up Tables (LUT) of 
Groeneveld et al. (2007) plotted on the flow regime map of Hewitt and Roberts 
(1969). 
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Figure 4-2: CHF data for 160 bar pressure obtained from the Look Up Tables (LUT) 
of Groeneveld et al. (2007) plotted on the flow regime map of Hewitt and Roberts 
(1969). 
Figure 4-3 & Figure 4-4 indicate the trend of CHF values with increasing mass flux 
keeping the quality and pressure constant. It is evident, both at 70 and 160 bar, the 
churn to annular flow transition line moves towards low values of mass flow rate as 
operating quality increases, which indicates annular flow dryout is the dominant 
CHF mechanism at most of the operating conditions. The CHF trends in Figure 4-3 & 
Figure 4-4 depict that, generally, CHF increases with increasing mass flux in churn 
flow, while it decreases in annular flow. This is consistent with the trend observed 
by Chandraker et al. (2008). This may reflect the different behaviour of entrainment 
in churn flow and annular flow respectively. In annular flow, the fraction entrained 
increases (for a given liquid flow rate) with increasing gas flow rate. However, in 
churn flow, the entrained fraction decreases with increasing gas flow rate (Ahmad et 
al. 2010; see also Chapter 2). The trend seen in Figure 4-3 and Figure 4-4 may reflect 
this change of behaviour. However, it is also observed that at high pressures with 
increasing flow rates the CHF values tend to stabilize or rather increase slightly in 
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annular flows. It is also evident from Figure 4-4, that with decreasing quality, the 
region of annular film dryout shrinks and if we extend these plots to further lower or 
negative quality (typical of PWR’s) the most probable CHF mechanism would be 
bubble crowding. In section 4.3 and 4.4 below, the focus will be on comparison of the 
annular film dryout phenomenological model and the bubble crowding 
phenomenological model to the prediction of CHF data given in the Look Up Tables 
and other recent data.    
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Figure 4-3: Variation of LUT CHF data with respect to mass flux at 70 bar. 
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Figure 4-4: Variation of LUT CHF data with respect to mass flux at 160 bar. 
4.3 Annular Film Dryout (CHF) Model Predictions 
In this Section, the annular flow phenomenological models described in Chapters 1 
and 2 are applied to the prediction of data obtained from three sources, namely:  
1. Data obtained from the Look Up Tables (LUT) of Groeneveld et al. (2007). 
2. Actual experimental data obtained for uniformly heated round tubes; this 
data includes data obtained at the Harwell Laboratory in the 1960’s (Bennett 
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et al. 1965) and a more recent data set obtained at the  Bhabha Atomic 
Research Centre (BARC), in Mumbai, India (Chandraker et al. 2011). This 
latter set has been examined as part the work under a collaboration 
agreement between Imperial College and the Bhabha Centre.  
3. Prediction of the data of Keeys et al. (1971) for a non-uniform (cosine) axial 
heat flux profile.  
4.3.1 LUT CHF data comparisons 
As demonstrated by the flow regime plots given in Section 4.2, , annular flow is one 
of the main regimes associated with CHF, so in this section the annular flow dryout 
model is applied to predict the LUT data. It is to be noted that, in this analysis, two 
versions of the annular film dryout model are used: the first one is the original 
annular flow model in which the integration process (described in Chapter 1 (Section 
1.7.2)) is started from the onset of annular flow and assumes a fixed entrained 
fraction (0.7) at this point; predictions with this model are denoted as GRAMP-AFM 
in the figures. In the second annular flow model the integration process was started 
from the onset of churn flow (as described in Chapter 2 of this thesis) and is denoted 
as GRAMP-CFM in the following figures. The results obtained using GRAMP-AFM 
and GRAMP-CFM to predict data from the Look Up Tables (LUT) of Groeneveld et 
al. (2007) are shown in Figure 4-5 to Figure 4-11. Generally, both annular film dryout 
(CHF) models captured LUT CHF data trends very well over almost all the relevant 
operating conditions. In comparison, the results of GRAMP-AFM tend to deteriorate 
as we move towards the low quality, whereas the performance of GRAMP-CFM is 
equally good even at low quality. Since most of the data fall into the churn, annular 
and wispy annular flow regimes (see Figure 4-1 & Figure 4-2), the differences at low 
qualities might be due to the persistence of the higher entrained fractions observed 
in churn flow. So, the incorporation of method of predicting entrained fraction in 
churn flow in GRAMP-CFM (as described in Chapter 2) may lead to improved 
results at lower qualities. 
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Figure 4-5: Comparison of predictions of CHF using the annular flow models with 
data obtained from the Look Up Tables (LUT) of  Groeneveld et al. ( 2007) for a 
pressure of 70 bar and a critical quality of 45%. 
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Figure 4-6: Comparison of predictions of CHF using the annular flow models with 
data obtained from the Look Up Tables (LUT) of  Groeneveld et al. ( 2007) for a 
pressure of 70 bar and a critical quality of 30%. 
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Figure 4-7: Comparison of predictions of CHF using the annular flow models with 
data obtained from the Look Up Tables (LUT) of  Groeneveld et al ( 2007) for a 
pressure of 70 bar and a critical quality of 15%. 
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Figure 4-8: Comparison of predictions of CHF using the annular flow models with 
data obtained from the Look Up Tables (LUT) of  Groeneveld et al. ( 2007) for a 
pressure of 160 bar and a critical quality of 45%. 
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Figure 4-9: Comparison of predictions of CHF using the annular flow models with 
data obtained from the Look Up Tables (LUT) of  Groeneveld et al. ( 2007) for a 
pressure of 160 bar and a critical quality of 30%. 
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Figure 4-10: Comparison of predictions of CHF using the annular flow models with 
data obtained from the Look Up Tables (LUT) of  Groeneveld et al. ( 2007) for a 
pressure of 160 bar and a critical quality of 15%. 
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Figure 4-11: Comparison of predictions of CHF using the annular flow models with 
data obtained from the Look Up Tables (LUT) of  Groeneveld et al. ( 2007) for a 
critical quality of 30% and at various pressures. 
4.3.2 Uniform CHF experimental data predictions 
The two sets of CHF experiments discussed in this section were both obtained in 
high pressure steam water facilities, one at the Harwell laboratory in the UK in the 
1960’s (Bennett et al. 1965)  and other at the Bhabha Atomic Research Centre (BARC) 
in India (Chandraker et al. 2011).  
The generic circuit used in the BARC experiments is illustrated in Figure 4-12. 
Water is pumped to a pre-heater whence it passes into the test section via a control 
valve. Within the test section the water is heated with a well-characterized heat flux, 
produced by passing a large axial electric current through the test section wall 
between the two busbars shown. The steam-water mixture, after passing through the 
test section, enters the condenser, the cooling water supply to which is controlled to 
control the pressure. The condenser also acts as a water reservoir. In case of physical 
burnout, for safety purposes, emergency valves are provided to isolate the test 
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section from the rest of the loop. In order to measure the test section surface 
temperature, and locate the dry-out point, a series of thermocouples is attached 
along the length of the test section. Dry-out is inferred by noting the location at 
which a marked increase in test section wall temperature is observed. The circuit 
used in the Harwell experiments is broadly similar except that the arrangements for 
pressurizing the system were different and the CHF condition was detected by 
differential measurements of test section electrical resistance. 
The usual experimental procedure is that initially the system parameters pressure, 
inlet temperature and flow rate are adjusted to desired values, and the electrical 
current between the busbars is then raised in small steps. For a uniformly heated 
tube, this experimental procedure causes CHF to occur at the top of the tube. The 
sudden rise of the surface temperature at the CHF location, the highest 
thermocouple, is used, in the BARC experiments, as a signal to actuate the power 
supply trip. In the Harwell experiments, the trip was actuated by a sudden change in 
electrical resistance. 
 
Figure 4-12: Generic loop for the conduct of CHF measurements: A-Pump, B- 
Preheater, C- Flow (orifice) meter, D- Isolation valve, E- flow control valves. 
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The conditions used in the respective experiments are shown in Table 4-1. Both are 
broadly representative of BWR conditions. 
Table 4-1: Experimental conditions of high quality CHF (dryout) measurements in 
uniformly heated tubes 
 BARC Harwell Combined data 
Pressure 29-71 bar 67-71 bar 29-71 bar 
Mass Flux 820-1700 kg m-2 sec-1 620-5420 kg m-2 sec-1 620-5420 kg m-2 sec-1 
Diameter 8.8 mm 12.6 mm 8.8 & 12.6 mm 
Length 3.5 m 1.82-5.56 m 1.82-5.56 m 
Inlet Subcooling 10 – 45 K 5 – 110K 5 – 110K 
Heat Flux 832-1220 kW m-2 580-2600 kW m-2 580-2600 kW m-2 
Exit Quality 0.57-0.93 0.19-0.95 0.19-0.95 
Boiling Length 2.9 - 3.4 m 0.7 - 5.0 m 0.7 - 5.0 m 
Data Points 125 85 210 
 
The experimental data were compared with predictions from four different 
approaches as follows: 
1. The GRAMP-AFM model with a fixed (=0.7) entrained fraction at the onset of 
annular flow.  
2. The GRAMP-CFM model where the integration is started at the onset of 
churn flow 
3. The prediction of CHF by direct interpolation of the Look Up Tables (LUT) of 
Groeneveld et al. (2007). Here, the actual quality at the end of the heated 
section is used together with the known mass flux, pressure and diameter to 
directly read off the CHF value from the table. This approach is denoted DSM 
(Direct Substitution Method). 
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4. The prediction of CHF using the LUT for the inlet quality condition. Here, a 
first guess is made of the critical heat flux and the outlet quality calculated 
from a heat balance (using the known inlet quality, tube diameter, pressure 
and mass flux). A new value of CHF is estimated from the Look Up Table for 
the calculated outlet quality and is used to re-calculate a new value of the 
outlet quality from the inlet quality etc.  A new value of CHF is read from the 
LUT and the process repeated until converged values of outlet quality and 
CHF are achieved. This approach is denoted HBM (Heat Balance Method). 
Note that the values of CHF predicted by the DSM and the HBM can be 
different. 
Comparisons of the uniform heat flux experimental data summarised in Table 4-1 
with the above four methods are presented in Figure 4-13 to Figure 4-17.  The results 
are presented in terms of deviation from experiments (
          
            
  
         
  ) versus mass 
flux (Figure 4-13), critical quality (Figure 4-14), pressure (Figure 4-15), inlet 
subcooling (Figure 4-16) and boiling length (Figure 4-17). Comparing first the 
phenomenological model calculations (GRAMP-AFM and GRAMP-CFM), it is seen 
that including predictions of entrained mass flux in the churn flow region (GRAMP-
CFM) gives much better results that using a fixed entrained fraction at churn-
annular transition (GRAMP-AFM). This is especially so at lower critical quality (less 
than 0.4) as evident from Figure 4-14.  In case of the LUT predictions, the HBM 
approach proved to more accurate than the DSM approach, which is consistent with 
the earlier assessments in the literature. It is encouraging that the improved 
phenomenological annular film dryout model (GRAMP-CFM) predicts the whole 
dataset within ±15% which is comparable to accuracy achieved using the HBM/LUT 
approach. It should be recalled that GRAMP-CFM is a generic prediction method 
which will apply to any fluid and does not depend on specific correlations of CHF 
data.  
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Figure 4-13: Deviation of CHF predictions as a function of mass flux.  
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Figure 4-14: Deviation of CHF predictions as a function of critical quality. 
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Figure 4-15: Deviation of CHF predictions as a function of pressure. 
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Figure 4-16: Deviation of CHF predictions as a function of inlet subcooling. 
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Figure 4-17: Deviation of CHF predictions as a function of boiling length. 
In comparing a prediction method (i.e. correlation or model) with a data bank or 
measured values, it is usual to present overall accuracy in terms of mean error, root 
mean square (RMS) error and standard deviation. The definitions used for these 
terms in the present work are given in equation 4-1, 4-2 and 4-3 respectively. The 
results for the four different predictive methods are summarized in Table 4-2. 
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Table 4-2: Error analysis for high quality CHF (dryout) data 
 GRAMP-AFM GRAMP-CFM LUT-DSM LUT-HBM 
Mean Error 1.97% -3.79% -14.43% -3.92% 
RMS Error 12.02% 6.96% 3.67% 6.69% 
Standard Deviation 11.88% 8.22% 31.72% 8.03% 
 
Table 4-2 provides quantitative evidence regarding the relative performance of the 
respective methods and also demonstrates that GRAMP-CFM is giving predictions 
of comparable accuracy to LUT/HBM without a dependence on correlation of a large 
CHF data base. 
4.3.3 Non-uniform CHF experimental data predictions 
In order to validate the annular film dryout model against data for non-uniformly 
heated tubes, the data of Keeys et al. (1971) was chosen. In these experiments, a 
cosine-shaped heat flux profile was applied to 12.7mm diameter and 3.66m long tube 
at a pressure of 70 bar. The upstream propagation of dryout was examined at 
various operating conditions. The experiments are simulated using GRAMP-CFM 
and the predicted CHF for various conditions matches satisfactorily with that of 
measured CHF, as presented in Figure 4-18. Also, the LUT-HBM was also assessed 
against the same data. In this context, a correction to the LUT method is required to 
take account of the non-uniform heat flux. For this purpose, the following F-factor 
(defined in Chapter 1), as adopted by Groeneveld et al. (1986), is employed. 
  
∫    ( )  
     
    
   (     )(          )
      (4-4) 
The LUT-HBM predicted the data remarkably well (within ±6%) which may be due 
to the implicit incorporation of the boiling length hypothesis via the F-factor 
formula. Figure 4-19 shows the deviation of predictions as a function of mass flux 
while keeping the other factors constant, while the performance of the two 
prediction techniques in Figure 4-20 as a function of boiling length for whole set of 
data. 
144 
600 800 1000 1200 1400 1600 1800 2000
600
800
1000
1200
1400
1600
1800
2000
Error=+6%
LUT-HBM
P
re
d
ic
te
d
 C
H
F
 (
k
W
m
-2
)
Measured CHF(kWm
-2
)
600 800 1000 1200 1400 1600 1800 2000
600
800
1000
1200
1400
1600
1800
2000
Error=+12%
GRAMP-CFM
 
Figure 4-18: Comparison of CHF predictions for non-uniformly heated tube (Keeys 
et al. 1971). 
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Figure 4-19: Deviation of CHF predictions with the mass flux for non-uniformly 
heated tube (Keeys et al. 1971). 
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Figure 4-20: Deviation of CHF predictions with the boiling length for non-uniformly 
heated tube (Keeys et al. 1971). 
One may conclude that (for this particular heat flux shape) both GRAMP-CFM and 
the flux shape corrected version of the LUT/HBM give satisfactory results but, again, 
it should be noted that the GRAMP-CFM model is generic and does not depend on 
correlating a wide range of data.  
4.4 Bubble Crowding Model 
Obviously, the annular flow model cannot apply to cases where the regime is not 
annular and there must be change to a different mechanism at low and negative 
quality. In the present work, the approach has been to concentrate and adapting the 
approach taken by Weisman and Pei (1983) since the situation modelled (i.e. bubble 
crowding) is the one most likely to be encountered. It should be recalled that other 
mechanisms for CHF may occur in the sub-cooled/low quality region (as discussed 
in Chapter 1).   
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4.4.1 Weisman Pie model 
Amongst various proposed mechanisms for subcooled or low quality CHF (DNB), 
the bubble-crowding mechanism is probably the most generally applicable.  
Weisman and Pie (1983) considered the bubbly layer at the CHF location     , as 
shown in Figure 4-21. The flow is treated as a bubbly wall layer (denoted by 
subscript 2) and a homogeneous core (denoted by subscript 1). The CHF (DNB) is 
assumed to take place when bubbly wall layer become so closely packed that it 
inhibits the enthalpy transport between the fluid in the core and liquid near the wall. 
The essence of the approach is to model the interchange of fluid between the bulk 
and the near-wall bubbly region, and to identify conditions under which insufficient 
liquid is able to reach the wall because bubble density is too high. 
 
Figure 4-21: The flow conditions considered by Weisman and Pei 1983, showing the 
division of the flow into a ‘bubbly layer’ and the bulk flow. 
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The Weisman-Pei model makes the following assumptions: 
-The CHF is a local phenomenon, governed only by local flow conditions, and local 
quality and enthalpy. 
-A high bubble density is developed in the region close to the wall where turbulent 
eddies are not large enough to transport the bubbles into the bulk flow. 
-The CHF is considered to occur when this bubble population is large enough that 
‘significant’ bubble-bubble contact occurs; a ‘critical void fraction’. 
-The vapour volume fraction in the bubbly layer is determined by a balance between 
the towards-wall flow of liquid, and the flow of vapour towards the channel centre. 
The model is based on constructing a mass balance between the two (uniform) 
regions, of the core and the bubbly layer, where the net rate of liquid flow into the 
bubble layer balances the wall heat flux and the latent heat. In short, applying the 
mass balances on each phase in bubbly layer and neglecting second order terms, 
Weisman and Pei (1983) deduced following expression of CHF: 
  
       (     )        (4-5) 
where    
   is the nucleate boiling component of the heat flux and is defined as: 
  
       
      
    
       (4-6) 
Combining Equation 4.5 and 4.6 will lead to: 
   
      
    
      (     )         (4-7) 
where      is the bubble departure enthalpy and 
                      (4-8) 
The value of     in Equation 4-7 will be that for CHF if the void fraction at quality    
corresponds to the critical void fraction. The critical void fraction in the bubbly layer 
was estimated by geometrical arguments. Experimental evidence is that boundary 
layer vapour bubbles are ellipsoidal, of aspect ratios about 3:1. For a population of 
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equally sized such bubbles, it can be shown that the maximum void density before 
contact is ~0.82.  
The bubble departure enthalpy is defined as the liquid enthalpy at which vapour 
begins to break away from a heated surface and is used as given by the Levy (1966) 
model. 
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where    
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      (4-12) 
The single phase heat transfer coefficient is give by Dittus-Boelter equation: 
    
  
 
             
         (4-13) 
where the Reynolds number and Prandtl number are defined as follows: 
   
  
  
        (4-14) 
    
     
  
       (4-15) 
In the present work, the friction factor is calculated by using well known Blasius 
equation: 
  
     
      
        (4-16) 
In order to calculate the      ,    ,      and    in Equation 4-7, it is essential to 
calculate average vapour fraction      . Weisman and Pie (1983) used model of 
Lahey and Moody (1977) to calculate     .  
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The condensation heat flux is given as: 
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The liquid enthalpy, average enthalpy, average density and average void fraction are 
defined as follows; 
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Equation 4-17 is a first order differential equation, which is integrated numerically 
by using the Runge-Kutta method (RK4) with the initial condition     (  )    to 
obtain the value of      at the outlet of tube.    is defined as the bubble departure 
point and is calculated using a heat balance: 
   
      (       )
   
       (4-25) 
Calculation of    ,    and   : Weisman and Pei (1983),       was taken to be the 
sum of all the turbulent fluctuations larger than the mean vapour velocity     away 
from the wall, with   given by 
  
  
  
     
        (4-26) 
The turbulent rms velocity  
 
 was calculated using a single phase equation, though 
incorporating two phase properties, with an empirical enhancement which is 
determined by fitting the CHF data. 
        (    )
     
    
(
  
 
)
   
(   
(     )
  
)    (4-27) 
where ‘ ’ is the empirical constant and    is the mean bubble diameter; 
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where two phase friction factor, Reynolds number and viscosity are given as: 
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Finally, assuming that the turbulence is characterised by a Guassian distribution 
with variance  
 , the expression for      is obtained as follows: 
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In order to calculate    and   , the value of     is taken as being equal to 0.82 at 
critical condition. Using this value, the respective densities may be calculated as 
follows: 
                      (4-34) 
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      (4-35) 
where ‘ ’ is the channel radius and ‘ ’ is the bubbly layer thickness which was 
calculated as: 
               (4-36) 
The void fraction of the core region is given as; 
    
     
     
        (4-37) 
Using an assumption of homogeneous flow in the core:   
   
     
  
        (4-38) 
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In the original work of Weisman and Pie (1983) used an assumption of homogeneous 
even in bubbly wall layer. However, later, Weisman and Ying (1985) modified the 
model and calculated the slip velocity as; 
             [
  (     )
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     (4-39) 
where the liquid velocity is given as; 
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The value of    can then be calculated as,  
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       (4-41) 
In the work reported in this thesis, the Weisman/Pei model (including the additions 
discussed below) was implemented in a FORTRAN programme.  It is to be noted 
that, in the present work, all physical properties are assumed to those applying at 
the saturation temperature. 
4.4.2 Additions to Weisman Pie model 
The initial predictions from Weisman-Pie model (WPM) indicated that it under 
predicts especially at low mass fluxes and high outlet quality. In order to apply the 
model to flows with high voidages, Ying and Weisman (1986) proposed to replace 
    given by Equation 4.37 with effective void fraction    
 , given as: 
   
  {
                                                
          (         )                      
         (         )                     
   (4-42) 
In the work carried out in the present project, this modification was found to have 
little effect on the void fraction. However, in order to improve the performance of 
Weisman-Pie model in the low mass flux region, the following modification in the 
empirical constant ‘a’ is suggested by Govan (1990); 
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The implementation of this change improved the results in the lower mass flux 
region and will be further discussed in next section. It is to be noted that model with 
this modification is denoted by WPM-C in the graphs. 
4.4.3 LUT CHF data predictions 
The performance of Weisman-Pie model was analysed by predicting the CHF data of 
the Look Up Tables (LUT) of Groeneveld et al. (2007) at 70 and 160 bar (typical 
pressure conditions in the BWR and the PWR respectively). The analysis is restricted 
to subcooled or low qualities since (as might be expected) the predictions from the 
model deteriorate at higher qualities where the annular film dryout model becomes 
operative. Indeed, the Weisman-Pei model can fail to produce meaningful solutions 
at higher quality (e.g. for qualities greater than 0.2 for 70 bar pressure).  
The predictions of LUT CHF data at various different operating conditions are 
presented in Figure 4-22 to Figure 4-29. Overall, Weisman-Pie model captured the 
CHF trends of LUT well, at almost all conditions of interest. The conventional WPM 
tends to under predict the data at lower mass fluxes but the results were 
significantly improved by using the Govan (1990) relationship (Equation 4.43) for the 
constant ‘a’. The predictions using Govan (1990) correlation are labelled WPM-C in 
the figures (the original model being labelled WPM. Figure 4-28 and Figure 4-29 
further demonstrate that the Weisman-Pie model has the capability of predicting 
CHF over a wide range of pressure (20-200 bar) within the subcooled or low quality 
region. 
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Figure 4-22: Prediction of CHF at 70 bar for -5% critical quality using Weisman Pie 
model with data obtained from Groeneveld et al. (2007). 
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Figure 4-23: Prediction of CHF at 70 bar for +5% critical quality using Weisman Pie 
model with data obtained from Groeneveld et al. (2007). 
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Figure 4-24: Prediction of CHF at 70 bar for +15% critical quality using Weisman Pie 
model with data obtained from Groeneveld et al. (2007). 
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Figure 4-25: Prediction of CHF at 160 bar for -5% critical quality using Weisman Pie 
model with data obtained from Groeneveld et al. (2007). 
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Figure 4-26: Prediction of CHF at 160 bar for +5% critical quality using Weisman Pie 
model with data obtained from Groeneveld et al. (2007). 
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Figure 4-27: Prediction of CHF at 160 bar for +15% critical quality using Weisman Pie 
model with data obtained from Groeneveld et al. (2007). 
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Figure 4-28: Prediction of CHF at varying pressures for -5% critical quality using 
Weisman Pie model with data obtained from Groeneveld et al. (2007). 
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Figure 4-29: Prediction of CHF at varying pressures for +10% critical quality 
Weisman Pie model with data obtained from Groeneveld et al. (2007). 
157 
4.4.4 Uniform CHF experimental data predictions 
In addition to the comparisons with LUT data as described in Section 4.4.3, the 
Weisman-Pie model was also compared to a data base of 174 experimental data 
points for CHF at negative and low quality in uniformly heated tubes. The range and 
sources of CHF dataset are indicated in Table 4-3. The predictions of CHF data are 
quite good (i.e. ±20 %); the deviations of the model predictions from the 
experimental data are shown as a function of mass flux, critical quality and pressure 
in Figure 4-30, Figure 4-31 and Figure 4-32 respectively . The same CHF data set is 
used to assess the predictions of LUT-HBM and the results are compared in terms of 
mean error, RMS error and standard deviation with that of Weisman-Pie model in 
Table 4-4. The results reveal that the Weisman-Pie model performs better than the 
LUT-HBM method for the given data set. 
Table 4-3: Experimental data conditions for validation of bubble crowding model 
Parameters Data Ranges Data Sources 
Pressure 35-160 bar De Bortoli (1958) 
Thompson and Macbeth (1964) 
Weatherhead (1963) 
 
Mass Flux 1000-10000 kg m-2 sec-1 
Diameter 2-38 mm 
Length 0.1-2.0 m 
Inlet Subcooling 25-1600 kJ kg-1 
Heat Flux 1700-9300 kW m-2 
Exit Quality -0.25 to +0.15 
Data Points 174 
158 
0 2000 4000 6000 8000 10000 12000 14000
-50
-40
-30
-20
-10
0
10
20
30
40
50
 WPM-C
- 20%
+ 20%
D
e
v
ia
ti
o
n
 f
ro
m
 e
x
p
e
ri
m
e
n
t 
(%
a
g
e
)
Mass Flux (kgm
-2
sec
-1
)
 
Figure 4-30: Deviation of CHF predictions using the modified Weisman-Pei bubble 
crowding model from the experimental data set listed in Table 4-3 as a function of 
mass flux.   
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Figure 4-31: Deviation of CHF predictions using the modified Weisman-Pei bubble 
crowding model from the experimental data set listed in Table 4-3 as a function of 
critical quality.   
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Figure 4-32: Deviation of CHF predictions using the modified Weisman-Pei bubble 
crowding model from the experimental data set listed in Table 4-3 as a function of 
pressure.   
Table 4-4: Error analysis for low quality CHF (DNB) data 
 WPM-C LUT-HBM 
Mean Error -1.09% -3.87% 
RMS Error 8.51% 12.02% 
Standard Deviation 8.47% 11.42% 
4.5 Combined Model Predictions of LUT CHF Data 
The results of predictions of LUT CHF data by annular film dryout model (high 
quality CHF) and Weisman-Pie model (subcooled or low quality CHF) indicated that 
combination of these two models may have the capability to cover the entire range of 
conditions of CHF. But as discussed earlier, the conventional Weisman-Pie model 
cannot predict the higher outlet qualities i.e. beyond 0.2 at 70 bar and 0.4 at 160 bar. 
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So in order to extend Weisman-Pie model to higher qualities, it must be recognised 
that in annular flow it is unlikely that there will be significant re-entrainment of 
vapour from the core to the liquid film. On this basis Govan (1990), proposed that in 
annular flow    (in this case quality in the film outside the bubbly layer) should be 
set at a constant value    corresponding to the quality at the onset of annular flow. 
The value of    at onset of annular flow is given by; 
   
 
  
     
   
  
  
  
  
       (4-44) 
By assuming     (void fraction at onset of annular flow) to be 0.5 and homogeneous 
flow, the expression reduced to; 
   
  
     
       (4-45) 
Though the real situation is likely to be much more complex, the approximation 
suggested by Govan serves the purpose of enabling Weisman-Pie model to predict 
higher qualities. The extended WPM-C and the GRAMP-CFM models can thus be 
compared with the LUT CHF data (Groeneveld et al. 2007) for the entire range of 
outlet qualities. The results of such comparisons are shown in Figure 4-33 to Figure 
4-38. The figures present comparisons for three mass fluxes (1000, 2000 and 4000 
kg/m2s) and two different pressures (70 and 160 bar). Logically, the model giving the 
lower value of CHF would be the applicable one and curves obtained by using this 
method of selection give a single decreasing curve with a small kink at the transition 
between two mechanisms (around quality 0.15-0.2). This small kink may be present 
in the actual data and not visible due to smoothing techniques applied to LUT. 
Nevertheless, the performance of the combined models exhibits the capability of 
phenomenological modelling to capture correct trends for the entire range of CHF 
conditions.  
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Figure 4-33: Combined model CHF predictions for p = 70 bar, G = 1000 kg m-2 sec-1. 
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Figure 4-34: Combined model CHF predictions for p = 70 bar, G = 2000 kg m-2 sec-1. 
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Figure 4-35: Combined model CHF predictions for p = 70 bar, G = 4000 kg m-2 sec-1. 
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Figure 4-36: Combined model CHF predictions for p = 160 bar, G = 1000 kg m-2 sec-1. 
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Figure 4-37: Combined model CHF predictions for p = 160 bar, G = 2000 kg m-2 sec-1. 
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Figure 4-38: Combined model CHF predictions for p = 160 bar, G = 4000 kg m-2 sec-1. 
164 
4.6 Summary 
The flow regimes associated with CHF over wide range of operating conditions were 
investigated by comparing the 2006 CHF Look Up Table (LUT) database 
(Groeneveld et al. 2007) with the regime map of Hewitt and Roberts (1969).  For most 
of the data covered by the LUT, the flow regime at CHF seems likely to be annular, 
wispy annular or churn. The second most probable mechanism, especially at 
subcooled or low qualities, is bubble crowding.  
The improved annular film dryout model (GRAMP-CFM) and a modified version of 
the Weisman-Pie model bubble crowding model (WPM-C) have been compared  
with both the LUT and with specific sets of data for both axially uniform and non-
uniform heat flux. Within their ranges of applicability, both models generally predict 
well the effects of quality, mass flux and pressure on CHF. Combination of these 
models (by selection of the model predicting the lower value of CHF at the given 
conditions) provides the means for the phenomenological prediction of CHF over 
the entire range of quality and for any arbitrary heat flux distribution. 
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CHAPTER 5                                                                                                
POST DRYOUT HEAT TRANSFER 
In the region downstream of the dryout point, heat is transferred directly from the 
wall to a vapour-droplet mixture. The heat transfer is much less efficient than that in 
the pre-dryout region and the wall temperature is much higher. The regime of heat 
transfer downstream of the dryout point is termed the post dryout heat transfer regime. 
Other names used in the literature for this regime include post-CHF heat transfer, mist 
flow heat transfer and dispersed flow film boiling. The conditions leading to dryout and 
the behaviour of wall temperatures in the (“post dryout”) region beyond it are of 
immense importance in nuclear reactor safety. In a nuclear reactor, the clad 
temperature excursion in the post-dryout region may be unacceptably high and the 
prediction of the location of dryout and the magnitude of this temperature excursion 
in the post-dryout region is of great importance in such a system. The main goal of 
this work described in this Chapter was to analyse the heat transfer and the 
corresponding temperature distribution in the post dryout region. For this purpose a 
simple phenomenological model is used to extend the GRAMP code to the post 
dryout region. The model was tested against a number of data sets for uniformly 
and non-uniformly heated tubes. Also the performance of a nuclear systems code 
(TRACE) was evaluated against similar datasets and the results of two codes are 
compared for specific cases. 
In what follows below, Section 5.1 gives a brief description of the background 
literature highlighting the effects of various physical parameters on post dryout 
region wall temperatures. A detailed account of the differential equations and the 
corresponding constitutive equations of the post dryout model included in the 
GRAMP code is given in Section 5.2. Section 5.3 describes the details of experiments 
that are used to validate the post dryout models of the extended GRAMP code and 
the TRACE code. It also presents comparisons of the GRAMP code with these 
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experiments. Similarly, Section 5.4 presents comparisons of the TRACE code with, 
the experimental data. Comparisons of the results from the two codes are given in 
Section 5.5 and overall conclusions are presented in Section 5.6.   
5.1 Effect of Mass Flux and Heat Flux on Dryout and Post Dryout 
Heat Transfer 
Mass flux, heat flux and system pressure are quite important parameters in 
prediction of dryout and post dryout behaviour of heated steam water flows. Jayanti 
et al. (2004) indicated the effect of these parameters by plotting the experimental 
results of Bennet et al. (1967) and Becker et al. (1983) as shown in Figure 5-1, Figure 
5-2 and Figure 5-3. At low mass fluxes the post dryout wall temperature continues to 
rise after initial jump at the dryout position, while the temperature goes down at 
high mass fluxes. Also an increase in heat flux at constant mass flux causes the 
dryout transition to move upstream in the tube (Figure 5-2). An  analysis of the effect 
of system pressure reveals that the temperature rise in the post dryout region is quite 
small at high pressures as compared to values obtained at low pressures. The dryout 
power reduces considerably with increasing pressure, thus increasing the flux of 
entrained drops in the post-dryout region, which restricts the temperature rise at 
higher pressures.  
 
Figure 5-1: Mass flux effect on post dryout wall temperatures: steam–water data of 
Bennett et al. (1967) at 70 bar for mass fluxes of 380 (square), 1020 (asterisk) and 3800 
(triangle) kg m−2 sec−1 (Jayanti et al. 2004). 
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Figure 5-2: Heat flux effect on post dryout wall temperatures:(a) a low mass flux of 
650 kg m−2 sec−1 at a heat flux of 608 (triangle), 750 (asterisk) and 848 (diamond) kW 
m−2 (b) a high mass flux of 3850 kg m−2 sec−1 at a heat flux of 1298 (triangle), 1462 
(asterisk) and 1704 (diamond) kW m−2. (Jayanti et al. 2004) 
 
Figure 5-3: System pressure effect on post dryout wall temperatures: data of Becker 
et al. (1983) at a mass flux of 1000 kg m-2 sec-1 at a pressure of 30 (asterisk), 70 (filled 
triangle), 120 (plus), 160 (diamond) and 200 (filled circle) bar. The corresponding 
heat fluxes are 865, 765, 458, 356 and 300 kW m-2 respectively (Jayanti et al. 2004). 
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5.2 GRAMP Post Dryout Model 
In the present work, GRAMP code was extended to the post dryout region by 
incorporating a simple post dryout model. The model is based on the “four 
gradients” model of Bennett et al. (1967) and Varone and Rohsenow (1986). The 
main assumptions, differential equations and corresponding constitutive equations 
for the proposed GRAMP post dryout model are given below. 
5.2.1 Assumptions 
In order to start with a simplified model, following assumptions have been made. 
However, some of these assumptions could be removed by taking account of 
additional effects in future modelling work.  
 Steady state vertical upward flow in a circular pipe. 
 Pressure considered to be constant in post dryout region i.e. pressure drop is 
negligible. 
 Droplets are considered to be at saturation temperature. 
 Vapour and droplet phases are considered to be in thermodynamic 
equilibrium at the onset of dispersed flow.  
 The relative velocity between the droplets and the vapour is equal, at the CHF 
position, to the free fall velocity of the droplets 
 Droplet size is considered to be constant at any cross section of the channel. 
 Heat transfer effects due to droplet wall interaction are neglected. 
 No radiation heat transfer from wall to vapour or wall to droplet. 
 No coalescence of droplets is considered 
5.2.2 Liquid momentum equation 
The rate of change of droplet velocity along length of tube is calculated on the basis 
of two forces on the droplet i.e. droplet drag and gravitational force (Varone and 
Rohsenow 1986) 
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where the drag coefficient ‘  ’ in context of an accelerating cloud of droplets 
calculated from the relationship of Ingebo (1956) and adopted by Bennett et al. (1967) 
and Varone and Rohsenow (1986) is as under: 
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where droplet Reynolds number is defined as: 
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5.2.3 Liquid continuity equation 
The droplet evaporation is accounted for by using the Varone and Rohsenow (1986) 
liquid continuity equation. 
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The right hand side of equation indicates the reduction in diameter due to 
evaporation in the bulk of flow. Evaporation rate due to droplet-wall contact heat 
transfer is neglected. 
5.2.4 Vapour continuity equation 
 The rate of change of steam quality along the length of pipe is calculated from 
following mass balance equation (Bennett et al. 1967) 
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where N is the number of droplets flowing per unit area per unit time and is given 
by the following relation. 
  
  (       )
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5.2.5 Vapour energy equation 
The rate of change of steam temperature is calculated by following simple heat 
balance (Bennett et al. 1967) 
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5.2.6 Droplet break-up 
The slip between the droplets and the gas tends to increase along the channel and 
may lead to a value at which droplet break-up would occur. In the current model, 
the methodology suggested by Forslund and Rohsenow (1966) is followed. They 
suggested that droplets will break-up as the Weber number reaches a critical value 
of 7.5. The Weber number is defined by the equation: 
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       (5-8) 
So, in the present analysis, the number of droplets is doubled at each occasion when 
the specified critical value of 7.5 is achieved. 
5.2.7 Heat transfer rate to each droplet 
The heat transfer from vapour to droplets is incorporated using following equation 
(Whalley et al. 1982). 
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For the calculation of droplet Nusselt number, a variety of empirical correlations are 
available in the literature (Ranz and Marshall 1952, Lee and Ryley 1968, 
Renksizbulut and Yuen 1983). In the present analysis the following correlation of 
Ranz and Marshall (1952) is used. 
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where Prandtl number is defined as: 
    
     
  
       (5-12)
 
5.2.8 Wall to vapour heat transfer 
In this analysis, the heat transfer from wall to fluid is equal to that for steam flowing 
alone at the same velocity as the average steam velocity in the steam-droplet 
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mixture. Heat transfer from the wall to the vapour can be estimated from one of a 
number of empirical correlations available in the literature. For the present analysis, 
the following correlation by Heineman (1960) is used:  
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where subscript ‘f’ refers to properties taken at the film temperature (i.e. the mean 
between the wall and the bulk superheated steam). The length referred to is the 
distance from the dryout point. 
Finally the wall temperature is calculated from: 
      
   
  
       (5-14) 
5.2.9 Boundary conditions 
Equation 5-1, 5-4, 5-5 and 5-7 are four simultaneous differential equations which 
must be solved along the channel. The Rung-Kutta (RK4) method is employed to 
integrate these four differential equations, simultaneously, along the channel. The 
integration of each equation requires an initial condition i.e. droplet velocity, droplet 
diameter, critical quality and wall temperature.  
The initial droplet velocity is calculated by assuming the relative velocity at dryout 
equal to the free fall velocity. The initial droplet diameter is assumed to be 0.3 mm 
and initial wall temperature at dryout point is considered to be equal to the 
saturation temperature. 
5.3 GRAMP Predictions 
The main focus of the present work was to predict post dryout heat transfer at 
conditions relevant to BWR applications (namely 70 bar).  Though, during normal 
operations, entry into the post-dryout region by a BWR core is extremely unlikely 
due to the high safety margins. However it is possible that during a BWR start-up, 
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when coolant flow through the reactor core is relatively low and the reactor power is 
high enough, core power and flow instability may occur. Such oscillations in core 
power and flow may lead to short term post dryout conditions in some of fuel 
assemblies. So, from safety point of view it is important to predict the clad wall 
temperature history to ensure its integrity. In this chapter all of the comparisons of 
post dryout wall temperatures are made at pressure of 70 bar (a typical operating 
pressure of BWR’s). 
Among the available experimental studies, Bennett et al. (1967) data set for a 
uniformly heated tube and  Keeys et al. (1971) data for axially non-uniformly heated 
tubes were selected. The objective of the Bennett experiment was essentially to 
obtain a measure of the wall surface temperature in the region beyond the dryout 
point. The dryout ‘interface’ between the wetted wall and the dry regions was 
investigated and has led to the demonstration of the non-equilibrium effects 
associated with developing flows in heated tubes. The variables reported were the 
mass flux, system pressure, wall heat flux, wall temperature, inlet sub-cooling and 
quality. Systematic experiments in a 12.6 mm internal diameter tube were conducted 
at the constant pressure of 6.89MPa. At a given mass flow rate, the heat flux was 
varied by an increment of ~1%, and the axial temperature profiles measured. In 
another UKAEA study, Keeys et al. (1971) examined the post-CHF heat transfer in a 
3.66m long tube with a cosine heat flux distribution (with a form factor of 1.4). The 
data sets are summarized in Table 5-1. These two experiments demonstrated the 
dependency of the local critical heat flux on the axial heat flux distribution.  
Table 5-1: Experimental conditions for the post dryout measurements. 
Experiment Pressure 
(M Pa) 
Mass Flux 
(kg m-2sec-1) 
Dia 
(mm) 
Length 
(m) 
Quality 
(-) 
Heat Flux 
(M W m-2 ) 
Bennett (1967) 6.9 393-5235 12.6 5.56 0.2-0.95 0.35-1.84 
Keeys (1971) 6.9 700-4100 12.7 3.66 0.15-0.95 0.8-1.5 
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The post dryout model included in GRAMP is compared with the experimental data 
in two ways. The first way is to use the experimental critical quality and dryout 
point as the input to post dryout model (denoted as PDM in the figures). The second 
approach is to use the GRAMP code itself to predict the  critical quality and dryout 
point and to use these values as the input to the post dryout model. In these 
calculations, the GRAMP model which integrates the film flow equations from the 
start of churn flow is employed (i.e. GRAMP-CFM as described in Chapter 2) . For 
this second type of calculation, the results are denoted as GRAMP-CFM in the 
figures. The initial value of droplet diameter is assumed to be 0.3 mm as it is the best 
fit of analyzed data and also as suggested by Bennett et al. (1967). A sample plot of 
variation of post dryout wall temperatures with varying initial droplet diameter is 
shown in Figure 5-4. 
The post dryout model as implemented in GRAMP was compared with the 
uniformly and non-uniformly heated tube experiments of Bennet et al. (1967) and 
Keeys et al. (1971) respectively for a broad range of mass fluxes. The results are 
shown in Figure 5-5 to Figure 5-13. Encouraging results are obtained for both 
uniformly and non-uniformly heated tubes. The results indicate that the temperature 
in the post-dryout regime is quite sensitive to the postion of dryout and small 
differences between the experimental and predicted positions can give significant 
effects in the post-dryout region. Nevertheless, overall prediction of dryout position 
and corresponding quality from GRAMP-CFM is very good in most of cases, except 
at very high flow rates, which leads to satisfactory results for the post dryout wall 
temperatures.  
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Figure 5-4: Effect of initial droplet diameter on post dryout wall temperature 
predictions (Bennett run no. 5251). 
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Figure 5-5: Comparison of post dryout wall temperatures for uniformly heated tubes 
at mass flux of 664 kg m-2 sec-1 (Bennett run no. 5336). 
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Figure 5-6: Comparison of post dryout wall temperatures for uniformly heated tubes 
at mass flux of 1356 kg m-2 sec-1 (Bennett run no. 5251). 
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Figure 5-7: Comparison of post dryout wall temperatures for uniformly heated tubes 
at mass flux of 1952 kg m-2 sec-1 (Bennett run no. 5294). 
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Figure 5-8: Comparison of post dryout wall temperatures for uniformly heated tubes 
at mass flux of 2536 kg m-2 sec-1 (Bennett run no. 5313). 
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Figure 5-9: Comparison of post dryout wall temperatures for uniformly heated tubes 
at mass flux of 3810 kg m-2 sec-1 (Bennett run no. 5377). 
 
177 
0 1 2 3 4 5 6
500
550
600
650
700
750
800
850
900
950
1000
G = 5180 kg m
-2
 sec
-1
T
w
a
ll(
K
)
Distance from the inlet (m)
 Exp data
 PDM
 GRAMP-CFM
 
Figure 5-10: Comparison of post dryout wall temperatures for uniformly heated 
tubes at mass flux of 5180 kg m-2 sec-1 (Bennett run no. 5397). 
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Figure 5-11: Comparison of post dryout wall temperatures for non-uniformly heated 
tubes at mass flux of 720 kg m-2 sec-1 (Keeys data, Power= 141.4 kW). 
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Figure 5-12: Comparison of post dryout wall temperatures for non-uniformly heated 
tubes at mass flux of 1360 kg m-2 sec-1 (Keeys data, Power= 170.4 kW). 
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Figure 5-13: Comparison of post dryout wall temperatures for non-uniformly heated 
tubes at mass flux of 2000 kg m-2 sec-1 (Keeys data, Power= 191 kW). 
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5.4 TRACE Predictions 
TRACE is an evolutionary U.S. Nuclear Regulatory Commission (USNRC) code that 
merges RAMONA, RELAP5, TRAC-PWR and TRAC-BWR into a single code. The 
reason for merging the codes, as opposed to starting a new one, is to maintain the 
sizable investment that exists in the development of input models for each of the 
codes. The consolidated code is called the TRAC/RELAP Advanced Computational 
Engine (TRACE).  
TRACE is a component-oriented code designed to analyze reactor transients and 
accidents up to the point of fuel failure. It is a finite-volume, two-fluid, compressible 
flow code with 3-D capability. It can model heat structures and control systems that 
interact with the component models and the fluid solution. It consists of a six 
equation, non-equilibrium model that can be coupled to additional equations to 
solve for the non-condensable gas pressure, boron concentration and heat structure 
temperatures. TRACE has been coupled to as user-friendly front end, SNAP, that 
supports input model development and accepts existing RELAP5 and TRAC-P 
input. The conservation equations and constitutive equations for the TRACE 
computer code are given in Appendix A. 
5.4.1  Nodalization 
The TRACE model setup for uniform and non-uniform heated tube is shown in 
Figure 5-14. In order to optimise the test section cells in a TRACE model, 
nodalization studies with different cell lengths were carried out as shown in Figure 
5-15. These studies revealed that decreasing cell length from 0.3 m to 0.1 m did not 
increase the prediction accuracy. 
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Figure 5-14: TRACE model for uniform and non uniform heated tube analysis 
In the  fine mesh technique, incorporated in the TRACE code, the resolution of the 
axial gradient involves the insertion of intermediate (transitory) nodes whenever the 
difference between adjacent nodes exceeds a heat transfer regime dependent value 
ΔTmax, usually of the order of 25°C. A maximum number of 1000 transitory nodes 
and a minimum distance of 1 mm between two adjacent nodes were imposed. In this 
preliminary study, most of runs were performed using this fine mesh technique, as it 
leads to improved predictions as indicated in Figure 5-15. 
 
Figure 5-15: Nodalization study for the Bennett run 5353, on the left, the case was 
run with the fine mesh technique activated. On the right, the nodalization shows that 
a number of 20 cells is sufficient. 
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5.4.2 Comparison of different CHF correlations 
The main purpose of this TRACE analysis was to predict the post dryout 
temperatures but to do so it is essential to predict the correct location of dryout as it 
strongly affects how temperatures will change downstream. For this purpose three 
different options available in TRACE code are (US-NRC, 2007): 
 AECL-IPPE (Look-Up Tables) 
 AECL-IPPE with the Biasi critical quality correlation 
 AECL-IPPE with the CISE-GE critical quality correlation 
The application of these correlations to the Bennet data, as indicated in Figure 5-16, 
revealed a good prediction of dryout location with the Biasi correlation.  This 
correlation was developed for tubular geometry and is valid for mass flux ranges 
from 100 to 6000 (kg m-2 sec-1) whereas CISE-GE correlation was developed for rod 
bundles and for a limited mass flux range i.e. 300<G<1400 (kg m-2 sec-1).  
 
Figure 5-16: Comparison between the different correlations for the Bennett Run 5359 
at mass flux 380 kg m-2 sec-1. 
5.4.3 Simulation of uniformly heated tube experiments 
In order to assess the capabilities of TRACE code, the dryout location and peak 
temperature downstream of that point was predicted for both uniform and non 
uniform heat flux distributions. It was concluded that TRACE predicted both dryout 
location and post dryout temperature distribution at low mass fluxes as shown in 
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Figure 5-17. But the results deteriorate at high mass fluxes as indicated in Figure 
5-18. 
 
Figure 5-17: CHF position and temperature predictions for uniform heat flux 
(Bennett et al. 1967) 
 
Figure 5-18: Comparison between the calculated temperature profile and the Bennett 
experimental run 5379 (P=6.9MPa, G=3800 kg m-2 sec-1 and Power=377kW) 
5.4.4 Non-uniform heated tube analysis 
In the non uniform heat flux cases, it was observed that at low mass flux cases the 
dryout location was predicted with reasonable accuracy but that the temperature 
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distribution beyond that point was not well predicted. However, at high mass fluxes, 
neither dryout point nor temperature distribution is well predicted as shown in 
Figure 5-19. 
Generally, the code predicts the dryout location and post dryout heat transfer 
reasonably well at low mass fluxes and low heat fluxes by using Groenveld et al. 
(1996) look up tables with Biasi critical quality correlation. But it fails to predict 
effectively in high mass flux cases and the temperatures beyond dryout point were 
under-predicted. 
 
Figure 5-19: CHF position and temperature predictions for a non-uniform heat flux 
(Keeys et al. 1971).  
5.5 GRAMP and TRACE Comparison 
In order to compare the post dryout modelling of TRACE and GRAMP, both of the 
codes are applied to selected cases of uniformly and non-uniformly heated tubes as 
indicated in Figure 5-20 and Figure 5-21. The results indicated that predictions of 
GRAMP code are comparatively better than TRACE especially for non-uniform 
heated tube cases. The main role of Systems Codes (like TRACE) is to be general 
purpose, utility tools for analysing a wide variety of events. As such, their 
treatments of phenomena such as CHF are not able to be optimised for particular 
tasks. But still the importance of phenomenological modelling (as employed in 
GRAMP) cannot be ruled out as evident of the comparison results. 
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Figure 5-20: Comparison of TRACE and GRAMP codes for uniformly heated tubes 
(Bennett run no. 5379). 
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Figure 5-21: Comparison of TRACE and GRAMP codes for non-uniformly heated 
tubes (Keeys data, Power= 191 kW). 
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5.6 Summary 
The GRAMP code has been extended to the post dryout region by incorporating the 
post dryout model mainly based on the ‘four gradients’ model of Bennett et al. 
(1967) and Varone and Rohsenow (1986). The predictions of the proposed model are 
compared to the measured post dryout wall temperatures in uniformly and non-
uniformly heated tube experiments. GRAMP code gave satisfactory predictions of 
the post dryout temperatures for a broad range of mass fluxes at a pressure of 70 bar. 
It is noted that the accurate prediction of dryout point and corresponding quality is 
vital as it strongly affects the post dryout wall temperatures. Also, the systems code 
TRACE was employed to analyse same experiments. The results of TRACE tend to 
deteriorate at high mass fluxes especially in case of non-uniformly heated tubes. 
Comparison of two codes, i.e. GRAMP and TRACE, revealed the better performance 
of GRAMP post dryout model for the selected cases.   
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CHAPTER 6                                                                 
CONCLUSIONS AND RECOMENDATIONS FOR 
FUTURE WORK 
The main focus of work described in this thesis was the improvement and validation 
of phenomenological models for the prediction of CHF and of heat transfer in the   
“post-dryout” or “post-CHF” region beyond CHF. In what follows, Section 6.1 
summarises the conclusions drawn and Section 6.2 lists recommendations for further 
work. 
6.1 Conclusions 
The following main conclusions were drawn: 
1. In modelling of CHF using a film dryout (annular flow) model, it is important 
to model the regime (churn flow) which precedes annular flow so as to 
establish an improved prediction of the entrained droplet fraction at the onset 
of annular flow. In the present work, visual observations using the axial view 
technique confirmed the existence of a continuous (droplet laden) gas core in 
churn flow and a new correlation for entrainment rate in churn flow was 
obtained.  In equilibrium flows, the entrained fraction decreases with gas 
velocity in churn flow and increases with gas velocity in annular flow. In such 
equilibrium flows there is thus a minimum entrained flux at the churn/annular 
transition.  In non-equilibrium flows, as would occur in heated channels, the 
model shows that the entrained fraction at the transition increases with 
increasing heat flux and the entrained fraction minimum condition may shift to 
higher qualities. It is concluded that the annular flow dryout model can be 
considerably improved by taking proper account of entrained fraction 
behaviour in churn flow.  
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2. In phenomenological modelling of CHF in annular flow, there is an important 
question of whether the presence of a heat flux can directly influence 
entrainment and deposition rate (for instance by the generation of bubbles 
under the film in nucleate boiling). As part of the present work, a wide range of 
data was investigated to establish whether such direct heat flux effects were 
significant. With one exception, the data were consistent with the hypothesis 
that direct heat flux effects were not significant. It is recommended, therefore, 
that direct heat flux effects should not be taken into account in such modelling. 
The exception was the report by Milashenko et al. (1989) who claim to have 
established, in experiments at high pressure, the existence of significant direct 
heat flux effects. An examination of the experimental method used by 
Milashenko et al. (1989) led to the conclusion that their data was invalid. 
3. The improved phenomenological model for dryout in annular flow was 
compared with a wide range of data and correlations. The data included 
standard values from the Look Up Tables of Groeneveld et al. (2007) and a 
wide range of other data for uniform and non-uniform axial heat flux profiles. 
The phenomenological annular film dryout model (as embodied in the code 
GRAMP) performed at least as well (and usually better) than correlations of the 
data or interpolations of the Look Up Tables. Bearing in mind that the 
phenomenological model does not depend directly on experimental data and 
can extend to any arbitrary heat flux profile, it is concluded that it provides a 
better basis for the estimation of CHF.  
4. The phenomenological modelling approach was extended to the negative and 
low quality region by modifying the “bubble crowding” model of Weisman 
and Pei. Again, good predictions were obtained and a plausible transition from 
this model to the annular film dryout model could be achieved by selecting the 
lower of the two predicted heat flux values.  
5. The phenomenological approach was extended into the post-dryout region by 
programming equations for droplet transport and evaporation and for wall-to-
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vapour heat transfer into the GRAMP code. Good agreement was obtained 
between predicted and experimental post-dryout wall temperature profiles for 
both uniform and non-uniform heat flux profiles.  
6.2 Recommendations for Future Work 
The following main recommendations for future work arise from the studies 
described in this thesis: 
1. In any future work on prediction of CHF, it seems best to employ a 
phenomenological modelling approach of the kind described here. The 
approach is relatively straight forward and could be implemented in nuclear 
safety codes or through connected codes such as GRAMP.  
2. Though it has been possible to develop new relationships for entrainment in 
churn flow, it should be recognised that the data base on which these 
relationships is based is limited. Further detailed studies of churn flow are 
recommended.  
3. It is recommended that further investigations be carried out on the direct effect 
of heat flux on entrainment in annular flow. In this context, it would be useful 
to repeat the experiments of Keeys et al. (1970) over a wider range of 
conditions.  
4. The phenomenological modelling approach should be extended to rod bundle 
geometries. In particular, experiments are needed on the entrainment, droplet 
transport and droplet deposition processes in rod bundles.  
5. Attention should be focussed onto the effects of spacer grids on droplet 
behaviour in rod bundles.  
6. For the post dryout region, improved methods are needed for the prediction of 
initial droplet size and account needs to be taken of direct droplet-wall heat 
transfer and radiation. Again, extending these models to rod bundle geometries 
will be an important challenge.     
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